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The  p r e s e n t  i n v e s t i g a t i o n  o f  p u p i l s 1 u n d e r s t a n d i n g  o f  
c o n c e p t s  i n  m e c h a n i c s  o r i g i n a t e d  f r o m  a p r e l i m i n a r y  
s t u d y  c a r r i e d  o u t  i n  1 9 7 4 - 7 6  by J o h n s t o n e  and M u g h o l  
a t  G l a s g o w  U n i v e r s i t y .  D e t a i l s  o f  t h i s  p r e l i m i n a r y  
s t u d y  a r e  g i v e n  i n  c h a p t e r  1 .
C h a p t e r  2 i s  a s u r v e y  o f  t h e  r e l e v a n t  l i t e r a t u r e  on 
c o n c e p t  l e a r n i n g .  A u s e f u l  m o d e l  o f  c o n c e p t  
d e v e l o p m e n t  i s  t h a t  p r o p o s e d  by K l a u s m e i e r ,  i n  w h i c h  
t h e r e  a r e  f o u r  s e q u e n t i a l  s t a g e s .  The  ’ f o r m a l 1 
l e v e l  o f  c o n c e p t  d e v e l o p m e n t  r e q u i r e s  t h a t  t h e  l e a r n e r  
c a n  n o t  o n l y  name t h e  c o n c e p t  and d i s c r i m i n a t e  b e t w e e n  
e x a m p l e s  and n o n - e x a m p l e s ,  b u t  a l s o  s t a t e ,  i n  t e r m s  o f  
t h e  c r i t i c a l  a t t r i b u t e s  o f  t h e  c o n c e p t ,  t h e  r u l e  by 
w h i c h  s u c h  d i s c r i m i n a t i o n s  a r e  made.  I n  o u r  i n v e s t i g a t i o  
we h a v e  u s e d  t h i s  as a g u i d e  t o  a s s e s s  t h e  p u p i l s 1 
c o n c e p t u a l  u n d e r s t a n d i n g .
A l s o  i n  c h a p t e r  2 ,  we g i v e  an a c c o u n t  o f  t h e  l e a r n i n g  
t h e o r i e s  o f  B r u n e r ,  P i a g e t ,  A u s u b e l  and G agn e ,  and 
s u g g e s t  t h a t  A u s u b e l ’ s l e a r n i n g  t h e o r y  i s  m o s t  r e l e v a n t  
t o  o u r  i n v e s t i g a t i o n .  We a l s o  d e s c r i b e  some p r a c t i c a l  
t e c h n i q u e s  f o r  m a p p i n g  ’ c o g n i t i v e  s t r u c t u r e 1, and d i s c u s s  
t h e  r e l a t i o n s h i p  o f  s h o r t - t e r m  memory t o  w o r k i n g  memory 
t o  l o n g - t e r m  memory  i n  t h e  p r o c e s s i n g  o f  i n f o r m a t i o n ,  
i n  w h i c h  ’ i n f o r m a t i o n  o v e r l o a d 1 may be a v e r y  i m p o r t a n t  
f a c t o r .
I n  c h a p t e r s  3 and  4 we d e s c r i b e  t w o  s e p a r a t e  p r e l i m i n a r y  
s t u d i e s  w h i c h  w e r e  u n d e r t a k e n  t o  c l a r i f y  some p o i n t s  
a r i s i n g  f r o m  t h e  J o h n s t o n e  and M u g h o l  s t u d y  and  t o  
c o l l e c t  e m p i r i c a l  d a t a  on  t h e  p u p i l s 1 u n d e r s t a n d i n g  
o f  t h e  c o n c e p t s  o f  1 m om e n tu m 1 and 1 e n e r g y 1.  The  
r e s u l t s  o f  t h e  t e a c h e r  q u e s t i o n n a i r e ,  d e s c r i b e d  i n  
c h a p t e r  3 ,  i n d i c a t e  t h a t  t e a c h e r s  t e n d  t o  assume t h a t  
some p u p i l s  a r e  u n l i k e l y  e v e r  t o  a c q u i r e  a ’ f o r m a l 1
u n d e r s t a n d i n g  o f  s u c h  c o n c e p t s .  The  r e s u l t s  o f  t h e  
m u l t i p l e - c h o i c e  p u p i l  t e s t s ,  d e s c r i b e d  i n  c h a p t e r  4 ,  
i n d i c a t e  t h a t  p u p i l s  c a n  r e c a l l  t h e  d e f i n i n g  e q u a t i o n s  
f o r  s u c h  c o n c e p t s  and  c a n  s o l v e  s i m p l e  p r o b l e m s  
i n v o l v i n g  s u c h  c o n c e p t s .  H o w e v e r  t h e i r  a b i l i t y  
t o  m a n i p u l a t e  s e v e r a l  c o n c e p t s  a t  t h e  same t i m e  
o r  t o  a p p l y  s e v e r a l  c o n c e p t s  i n  s u c c e s s i o n  i s  v e r y  
l i m i t e d .  T h e r e  i s  a s i g n i f i c a n t  i m p r o v e m e n t  i n  
p e r f o r m a n c e  as t h e  p u p i l  g a i n s  m o re  e x p e r i e n c e  o f  
u s i n g  t h e  c o n c e p t s .  T h i s ,  we s u g g e s t ,  i s  n o t  w h o l l y  
d ue  t o  m a t u r a t i o n .  I t  i s  m o re  l i k e l y  d ue  t o  an 
i n c r e a s e d  e l a b o r a t i o n  o f  t h e  p u p i l ’ s c o g n i t i v e  s t r u c t u r e
I n  c h a p t e r  5 we d e s c r i b e  how we came t o  d e v i s e  a new 
t e c h n i q u e  f o r  a s s e s s i n g  c o n c e p t  a t t a i n m e n t .  H a v i n g  
d e c i d e d  t o  i n c l u d e  t h e  c o n c e p t s  o f  ’ f o r c e ’ and 
’ i m p u l s e ’ i n  o u r  i n v e s t i g a t i o n ,  and t o  c o n c e n t r a t e  on 
t h e  ’ f o r m a l ’ , s c i e n t i f i c  u n d e r s t a n d i n g  o f  t h e  c o n c e p t s ,  
we d e v e l o p e d  t w o  c o m p l e m e n t a r y  t e c h n i q u e s  f o r  e x p l o r i n g  
t h e  p u p i l s ’ c o g n i t i v e  s t r u c t u r e .  The  f i r s t  t e c h n i q u e  
l o o k s  a t  t h e  p u p i l ’ s a b i l i t y  t o  s e l e c t ,  f r o m  h i s  own 
b o d y  o f  k n o w l e d g e ,  p a t t e r n s  and  r e l a t i o n s h i p s ,  t o  
d i s c a r d  i r r e l e v a n t  m a t e r i a l  and t o  ’ home i n ’ on t h e  
c o n c e p t  u n d e r  c o n s i d e r a t i o n .  T h i s  i s  d on e  by 
d e s c r i b i n g  a c o n c e p t  X by g i v i n g  a s e r i e s  o f  n i n e  
c l u e s ,  e a c h  o ne  m o re  i n f o r m a t i v e ,  and a s k i n g  t h e  p u p i l  
t o  s e l e c t  c o n c e p t s  t o  f i t  t h e  c l u e s  u n t i l  he c a n  
n a r r o w  down t o  a s i n g l e  c o n c e p t  o n l y  and  i d e n t i f y  t h e  
c o n c e p t  X .  T he  c l u e s  r a n g e  f r o m  t h e  v e r y  g e n e r a l  
( e . g .  ’’ T h e  q u a n t i t y  X i s  p r o p o r t i o n a l  t o  t h e  mass o f  a 
b o d y ” ) t o  t h e  v e r y  s p e c i f i c  ( e . g .  ’’ The  q u a n t i t y  X i s  
d e f i n e d  by t h e  e q u a t i o n  W = mg” ) The n u m b e r  o f  v a l i d  
c o n c e p t  names i n c l u d e d  i n  t h e  p u p i l ’ s  r e s p o n s e  a t  e a c h  
s t a g e  g i v e s  a m e a s u r e  o f  t h e ’ b r e a d t h ’ o f  t h e  p u p i l ’ s 
u n d e r s t a n d i n g  o f  s u c h  c o n c e p t s .
At  e a c h  s t a g e ,  t h e  p u p i l  i s  a s k e d  t o  s t a t e ,  on a 1 - 5  
s c a l e ,  t h e  d e g r e e  o f  c o n f i d e n c e  w i t h  w h i c h  he makes  
h i s  c h o i c e .  L e v e l  1 c o r r e s p o n d e d  t o  ’ j u s t  g u e s s i n g ’ 
and  L e v e l  5 t o  ’ I  kn ow  I ’ m r i g h t ’ .  T h i s  c o n f i d e n c e  
l e v e l  s h o u l d  i n c r e a s e  as t h e  n u m b e r  o f  c l u e s  i n c r e a s e s .  
Where  t h e  c o n f i d e n c e  l e v e l  show s  a s u d d e n  d r o p ,  we 
may i n f e r  t h a t  e i t h e r  t h e  c l u e  c a n n o t  be m e a n i n g f u l l y  
a s s i m i l a t e d  i n t o  t h e  p u p i l ’ s c o g n i t i v e  s t r u c t u r e  o r  
t h e  c l u e  t e l l s  t h e  p u p i l  h i s  s u g g e s t e d  c o n c e p t  i s  w r o n g ,
T h e  o t h e r  t e c h n i q u e  i s  t o  o f f e r ,  i n  a 5 x 5 g r i d  f o r m a t ,  
a l a r g e  n u m b e r  o f  p i e c e s  o f  i n f o r m a t i o n ,  e a c h  o f  w h i c h  
may be t a k e n  t o  be  an i n s t a n c e  o f  a p a r t i c u l a r  c o n c e p t ,  
and t o  ask  t h e  p u p i l  t o  s e l e c t  a l l  t h e  p i e c e s  r e l e v a n t  
t o  a p a r t i c u l a r  c o n c e p t .  I n  e ach  o f  t h e  n u m b e re d  b o x e s  
on  t h e  g r i d ,  t h e r e  i s  a q u a n t i t y  ’ X ’ and t h e  p u p i l s  a r e  
i n s t r u c t e d  t o  i d e n t i f y  t h i s  q u a n t i t y  X w h i c h ,  t h e y  a r e  
t o l d ,  c o u l d  be ’ m o m en tu m ’ . ’ k i n e t i c  e n e r g y ’ , 
’ g r a v i t a t i o n a l  p o t e n t i a l  e n e r g y ’ . ’ f o r c e ’ o r  ’ i m p u l s e ’ .
I n  c h a p t e r  6 ,  we d e s c r i b e  how t h i s  m a t e r i a l  was f i e l d  
t e s t e d ,  i n  1 9 7 9 - 8 0 ,  on  380  s u b j e c t s ,  i n c l u d i n g  0 - G r a d e  
p u p i l s ,  H - G r a d e  p u p i l s ,  B . S c . s t u d e n t s ,  HND s t u d e n t s ,  
s t u d e n t  t e a c h e r s  and  e x p e r i e n c e d  p h y s i c s  t e a c h e r s .
T he  r e s u l t s  o f  t h i s  f i e l d  t e s t  r e v e a l  t h a t  t h e  t e a c h e r s  
and  B . S c .  s t u d e n t s  c a n  g i v e  s i g n i f i c a n t l y  more  ’ v a l i d ’ 
c o n c e p t s  t h a n  any  o t h e r  g r o u p .  I n  t e r m s  o f  t h e  n um b e r  
o f  ’ v a l i d ’ c o n c e p t s  i d e n t i f i e d  on t h e  5 x 5  g r i d ,  t h e  
B . S c .  s t u d e n t  i s  on  a p a r  w i t h  t h e  t e a c h e r  o f  p h y s i c s ,  
t h e  H—G ra d e  p u p i l  i s  on  a p a r  w i t h  t h e  HND s t u d e n t  and 
t h e  0 - G r a d e  p u p i l  i s  on  a p a r  w i t h  t h e  s t u d e n t  t e a c h e r  
o f  C h e m i s t r y / B i o l o g y .  The  n u m b e r  and v a r i e t y  o f  t h e  
’ v a l i d ’ r e s p o n s e s  i n c r e a s e s  as we go f r o m  0 - G r a d e  p u p i l  
t o  H—G r a d e  p u p i l  t o  B . S c *  s t u d e n t .  T h i s  we i n t e r p r e t  
as  an i n c r e a s e d  c o n c e p t  u n d e r s t a n d i n g .  T h e r e  i s  
e v i d e n c e  t h a t  t h e  l e v e l  o f  c o n c e p t  u n d e r s t a n d i n g  
d e c r e a s e s  i f  t h e  c o n c e p t  i s  n o t  b e i n g  f r e q u e n t l y  u s e d .
The  r e s u l t s  show t h a t  t h e r e  i s  no. s i g n i f i c a n t  d i f f e r e n c e  
i n  p e r f o r m a n c e  i n  i d e n t i f y i n g  t h e  d e f i n i n g  e q u a t i o n  o r  
t h e  u n i t s  f o r  e a c h  c o n c e p t ,  b u t  t h e  0 - G r a d e  p u p i l  i s  
much p o o r e r  a t  g e n e r a l i s i n g  a l l  p o s s i b l e  i n s t a n c e s  o f  
t h e  c o n c e p t .  T h e r e  i s  a l s o  some e v i d e n c e  t h a t  p u p i l s  
h a v e  d i f f i c u l t y  i n  i n t e r p r e t i n g  d i a g r a m s  and g r a p h i c a l  
r e p r e s e n t a t i o n  o f  i n f o r m a t i o n .
T h e  g r i d  o f  n u m b e re d  b o x e s  h a s  b ee n  r e v i s e d  i n  t h e  l i g h t  
o f  t h e  r e s u l t s  o f  t h e  1 9 7 9 - 8 0  f i e l d  t r i a l  and t h e  r e v i s e d  
v e r s i o n  was v a l i d a t e d  by some 30 e x p e r i e n c e d  t e a c h e r s  o f  
p h y s i c s .  I n  t h e  1 9 8 0 - 8 1  f i e l d  t r i a l ,  t h e  c o n s e n s u s  
o p i n i o n  o f  t h i s  g r o u p  as  t o  w h a t  w e r e  ’ r e l e v a n t 1 b o x e s  
f o r  e a c h  c o n c e p t  was u s e d  as an ’ i d e a l  c h o i c e ’ a g a i n s t  
w h i c h  t h e  p u p i l s ’ c h o i c e s  w e r e  c o m p a r e d .  T h i s  i s  
d e s c r i b e d  i n  c h a p t e r  7 ,  w h i c h  a l s o  i n c l u d e s  an a n a l y s i s  
o f  t h e  1 9 8 0 - 8 1  f i e l d  t r i a l ,  i n  w h i c h  t h e  r e v i s e d  t e s t  
m a t e r i a l  was t r i a l l e d  i n  20 s e c o n d a r y  s c h o o l s  t h r o u g h o u t  
S c o t l a n d  o n  429  H - G r a d e  p u p i l s  ,
The  t e s t  m a t e r i a l ,  as  u s e d  i n  t h e  1 9 8 0 - 8 1  f i e l d  t r i a l ,  
i s  i n  t h r e e  p a r t s ,  A, B and  C.  P a r t  A i s  t h e  r e v i s e d  
5 x 5  g r i d  o f  n u m b e re d  b o x e s .  P a r t  B i s  a so m e w h a t  
s h o r t e n e d  v e r s i o n  o f  t h e  ’ What i s  t h e  q u a n t i t y  X* t e s t  
u s e d  i n  t h e  p r e v i o u s  m a t e r i a l .  T h i s  t i m e  t h e  p u p i l ’ s 
’ c o n f i d e n c e  r a t i n o ’ i s  u s e d  t o  d e t e r m i n e  t h e  n um b e r  o f  
c l u e s  he was g i v e n .  T h e  p u p i l  i s  a l l o w e d  t o  a sk  one  
q u e s t i o n  o f  h i s  own c h o o s i n g  a t  t h e  p e n u l t i m a t e  s t a g e .
T h e  p u p i l  i s  r e q u i r e d  t o  s t a t e  t h e  d e f i n i n g  e q u a t i o n  
f o r  h i s  c h o s e n  c o n c e p t  and  t o  g i v e  tw o  m o re  i m p o r t a n t  
f a c t s  a b o u t  t h e  c o n c e p t .
I n  P a r t  a n o t h e r  t e c h n i q u e  i s  i n t r o d u c e d .  A 3 x 4 
g r i d  o f  n u m b e re d  b o x e s  i s  p r o v i d e d .  Each b ox  c o n t a i n s  
a ’ p r o p o s i t i o n ’ ( a  r e l a t i o n s h i p  b e t w e e n  c o n c e p t s ) .
F o u r  c o n v e n t i o n a l  e x t e n d e d - a n s w e r  q u e s t i o n s  t a k e n  f r o m  
r e c e n t  S . G . E .  H - G r a d e  p h y s i c s  p a p e r s  a r e  p r o v i d e d ,  
and  t h e  p u p i l  i s  a s k e d  t o  s e l e c t  f r o m  t h e  g r i d  t h e  
a p p r o p r i a t e  s e q u e n c e  o f  p r o p o s i t i o n s  he w o u l d  u s e  t o
s o l v e  t h e s e  p r o b l e m s .  T h e  p u p i l  i s  n o t  r e q u i r e d  t o  
w o r k  o u t  a n u m e r i c a l  a n s w e r  t o  any  o f  t h e  g i v e n  p r o b l e m s ,  
o n l y  t o  s e l e c t  and s e q u e n c e  t h e  p r o p o s i t i o n s  t o  be  u s e d .
The  r e s u l t s  o f  t h e  1 9 8 0 - 8 1  t r i a l s  c o n f i r m  much o f  w h a t  
was f o u n d  i n  t h e  1 9 7 9 - 8 0  t r i a l s ,  b u t  t h e  r e v i s e d  f o r m a t  
m akes  i t  e a s i e r  t o  d i a g n o s e  i n d i v i d u a l  p u p i l  m i s u n d e r ­
s t a n d i n g s .  We s u g g e s t ,  i n  c h a p t e r  8 ,  t h a t  t h e  
t e c h n i q u e s  u s e d  i n  t h e  1 9 8 0 - 8 1  t r i a l s  may a l s o  be u s e d  
t o  some a d v a n t a g e  by t h e  c l a s s r o o m  t e a c h e r  i n  
d i a g n o s i n g  p u p i l s ’ d i f f i c u l t i e s  i n  c o n c e p t  u n d e r s t a n d i n g  
and  i n  g e n e r a l l y  i m p r o v i n g  t h e  p u p i l s ’ c o n c e p t  l e a r n i n g .
O u r  i n v e s t i g a t i o n  o f  p u p i l s ’ u n d e r s t a n d i n g  o f  m e c h a n i c s  
c o n c e p t s  h a s  i d e n t i f i e d  m o re  c l e a r l y  t h e  n a t u r e  o f  t h e  
d i f f i c u l t i e s  t h e  p u p i l s  a r e  l i k e l y  t o  h a v e ,  and h a s  
s u g g e s t e d  some w ays  i n  w h i c h  t h e  t e a c h e r  may b 
h e l p  t h e  p u p i l s  by d i a g n o s i n g  t h e i r  l a c k  o f  un  
and  by: i m p r o v i n g  t h e i r  o v e r a l l  c o m p e t e n c e  i n  h 
a b s t r a c t  c o n c e p t s .
e a b l e  t o  
d e r s t a n d i n g  
a n d l i n g
CHAPTER 1 - BACKGROUND INFORMATION
I n t r o d u c t i o n
I n  t h i s  c h a p t e r  we w i l l  d e s c r i b e  t h e  o r i g i n s  o f  t h e  
p r e s e n t  r e s e a r c h  and g i v e  some n e c e s s a r y  b a c k g r o u n d  
i n f o r m a t i o n  a b o u t  t h e  o r g a n i s a t i o n  o f  s e c o n d a r y  
e d u c a t i o n  i n  S c o t l a n d  a n d ,  i n  p a r t i c u l a r ,  a b o u t  t h e  
S c o t t i s h  C e r t i f i c a t e  o f  E d u c a t i o n  p h y s i c s  s y l l a b u s e s .
O r i g i n s  o f  p r e s e n t  r e s e a r c h
The  p r e s e n t  i n v e s t i g a t i o n  i n t o  p u p i l s ’ u n d e r s t a n d i n g  
o f  b a s i c  c o n c e p t s  i n  m e c h a n i c s  has  i t s  o r i g i n  i n  a 
p r e l i m i n a r y  s t u d y  o f  t h e  r e l a t i v e  d i f f i c u l t y  o f  a 
num be r  o f  p h y s i c s  c o n c e p t s  i n c l u d e d  i n  t h e  S c o t t i s h  
C e r t i f i c a t e  o f  E d u c a t i o n  O r d i n a r y  and H i g h e r  G ra de  
s y l l a b u s e s .  I n  t h i s  s t u d y ,  c a r r i e d  o u t  by J o h n s t o n e  
and M u g h o l  ( l )  d u r i n g  1 9 7 4 - 7 6 ,  some 1200 s e c o n d a r y  
s c h o o l  p u p i l s  and some 200 f i r s t - y e a r  u n i v e r s i t y  
s t u d e n t s  w e re  a s k e d  t o  c a t e g o r i s e  c o n c e p t s ,  f r o m  a 
l i s t  o f  23 b a s i c  p h y s i c s  c o n c e p t s ,  u n d e r  one o f  f o u r  
h e a d i n g s :
( 1 )  N e v e r  s t u d i e d .
( 2 )  Easy  t o  u n d e r s t a n d  i . e .  I  g o t  t h e  i d e a  
f i r s t  t i m e .
( 3 )  D i f f i c u l t  t o  u n d e r s t a n d  i . e .  I  now 
u n d e r s t a n d  t h i s  b u t  I  had d i f f i c u l t y  
i n  d o i n g  s o .
( 4 ) N e v e r  u n d e r s t o o d  i . e .  eve n  a f t e r  s e v e r a l  
a t t e m p t s  I  s t i l l  do n o t  u n d e r s t a n d  i t .
The  r e s u l t s  f r o m  t h i s  s u b j e c t i v e  a s s e s s m e n t  a r e  shown 
g r a p h i c a l l y  i n  F i g u r e  1 ( o v e r l e a f ) w h i c h  i s  
r e p r o d u c e d  f r o m  t h e  o r i g i n a l  a r t i c l e  i n  P h y s i c s  
E d u c a t i o n .
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Figure 1 Plot of index of difficulty against topic number for the subjective assessment
The t h r e e  g r a p h s  show a m a rk e d  s i m i l a r i t y  w h i c h  s u g g e s t s  
t h a t  t h e  s u b j e c t i v e  a s s e s s m e n t  o f  ’ d i f f i c u l t 1 t o p i c s  i s  
c o n s i s t e n t  b e t w e e n  t h e  g r o u p s ,  and t h e  ’ d i f f i c u l t ’ t o p i c s  
f o r  t h e  u n i v e r s i t y  g r o u p  (who had p a s s e d  t h r o u g h  t h e  
s c h o o l  s y s t e m )  a r e  a l s o  p r o v i n g  d i f f i c u l t  t o  t h e  p u p i l s  
s t i l l  a t  s c h o o l .
T h e s e  s u b j e c t i v e  r e p o r t s  o f  ’ d i f f i c u l t ’ c o n c e p t s  w e re  
l a r g e l y  c o n f i r m e d  by t h e  r e s u l t s  o f  a s p e c i a l l y  
c o n s t r u c t e d  o b j e c t i v e  t e s t  b a t t e r y ,  w h i c h  had a t  
l e a s t  t h r e e  i t e m s  f o r  e ach  o f  t h e  b a s i c  c o n c e p t s  on 
t h e  o r i g i n a l  l i s t .  I n  o t h e r  w o r d s ,  t h e  c o n c e p t s  w h i c h  
p u p i l s  p e r c e i v e d  as d i f f i c u l t  w e re  a l s o  t h e  o ne s  f o r  
w h i c h  t h e  mean s c o r e  i n  t h e  o b j e c t i v e  t e s t  was l o w .
The r e s u l t s  showed t h a t  many p u p i l s  r e p o r t e d  d i f f i c u l t y  
i n  u n d e r s t a n d i n g  b a s i c  c o n c e p t s  i n  tw o  m a in  a r e a s  o f  
t h e  s y l l a b u s .  T h e s e  w e re  m e c h a n i c s  ( e , g ,  i d e a  o f  
u n i f o r m  m o t i o n ,  c o n s e r v a t i o n  o f  momentum, e l a s t i c  and 
i n e l a s t i c  c o l l i s i o n s ,  e n e r g y  and p o w e r )  and e l e c t r i c i t y  
( e . g .  c u r r e n t ,  r e s i s t a n c e ,  e . m . f . ,  e l e c t r i c  and m a g n e t i c  
f i e l d s ,  e l e c t r o m a g n e t i c  i n d u c t i o n ) .
3 .
The  f a c t  t h a t  t h e  ’ d i f f i c u l t ’ c o n c e p t s  c a n  be g r o u p e d  
u n d e r  o n l y  tw o  h e a d i n g s  may s u g g e s t  some g r o s s  
i m b a l a n c e  i n  t h e  o r i g i n a l  l i s t  o f  c o n c e p t s *  T h i s  i s  
n o t  t h e  c a s e *  The o r i g i n a l  l i s t  o f  23 c o n c e p t s  had 
much t h e  same r e l a t i v e  w e i g h t i n g  o f  t o p i c s  as t h e  
S . C . E ,  P h y s i c s  s y l l a b u s e s  ( 2 ) ,  i n  w h i c h  M e w t o n i a n  
m e c h a n i c s  and E l e c t r i c i t y  t o g e t h e r  a c c o u n t  f o r  a b o u t  
6 0 -7 0 %  o f  t h e  s y l l a b u s  c o n t e n t .
The  l i s t  o f  23 b a s i c  c o n c e p t s  u sed  i n  t h e  J o h n s t o n e  
and  M u g h o l  s t u d y  w a s ,  o f  n e c e s s i t y ,  a s e l e c t i o n  o f  a l l  
t h e  p o s s i b l e  c o n c e p t s  w h i c h  one m i g h t  e x p e c t  t o  
e n c o u n t e r  i n  a s c h o o l  p h y s i c s  s y l l a b u s .  I t  i s  m ore  
t h a n  l i k e l y  t h a t ,  i f  a l o n g e r  l i s t  o f  c o n c e p t s  had 
b e e n  p r o v i d e d ,  t h e  p u p i l s  w o u ld  ha ve  i d e n t i f i e d  s t i l l  
m o re  c o n c e p t s  w h i c h  w e re  ’ p r o v i n g  t r o u b l e s o m e * .  F o r  
e x a m p l e ,  t h e  c o n c e p t  o f  ’ a c c e l e r a t i o n * w o u l d  a l m o s t  
c e r t a i n l y  h a v e  been  c a t e g o r i s e d  as ’ d i f f i c u l t *  by 
m o s t  p u p i l s .
Rae e t  a l  ( 3 )  h ave  i n v e s t i g a t e d  t h e  d i f f i c u l t i e s  
e x p e r i e n c e d  by S . C . E .  0 - G r a d e  p u p i l s  i n  d e a l i n g  w i t h  
p r o b l e m s  i n v o l v i n g  a c c e l e r a t i o n ,  and ha ve  h i g h l i g h t e d  
b o t h  c o n c e p t u a l  d i f f i c u l t i e s  ( e . g .  many p u p i l s  h a v e  
s e r i o u s  p r o b l e m s  i n  d i s t i n g u i s h i n g  v e l o c i t y  f r o m  
a c c e l e r a t i o n )  and c o m p u t a t i o n a l  d i f f i c u l t i e s  ( e . g .  
v u l g a r  f r a c t i o n s  p r e s e n t  many p u p i l s  w i t h  i n s u r m o u n t a b l e  
p r o b l e m s ) .  Among o t h e r  t h i n g s ,  t h e y  recom m ende d  t h a t
( 1 )  S t r e n u o u s  e f f o r t s  s h o u l d  be made t o  d e v e l o p  new 
m e t h o d s  o f  m e a s u r i n g  a c c e l e r a t i o n .  Such m e t h o d s  
w o u l d  n o t  i n c l u d e  t i c k e r  t i m e r s  and s h o u l d  i d e a l l y  
p r o d u c e  v a l u e s  o f  v e l o c i t y  a t  know n t i m e  i n t e r v a l s .
( 2 )  L e a r n i n g  h i e r a r c h i e s  c o m b in e d  w i t h  d i a g n o s t i c  
t e s t i n g  s h o u l d  be more  w i d e l y  used  i n  t h e  t e a c h i n g  
o f  p h y s i c s .
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( 3 )  The  s t r u c t u r e ,  c o n t e n t  and t e a c h i n g  o r d e r  o f  t h e  
w h o l e  o f  S e c t i o n  J ( N e w t o n i a n  m e c h a n i c s )  o f  t h e  
O r d i n a r y  g r a d e  s y l l a b u s  s h o u l d  be r e v i e w e d .
I t  s h o u l d  n o t  be i m a g i n e d  t h a t  t h e  d i f f i c u l t i e s  p u p i l s  
w e r e  h a v i n g  w i t h  c o n c e p t s  i n  m e c h a n i c s  had gone u n ­
n o t i c e d  by t h e  S c o t t i s h  C e r t i f i c a t e  o f  E d u c a t i o n  
E x a m i n a t i o n  B o a r d  ( 4 ) .  I n  t h e  1972 E x a m i n e r s ’
R e p o r t  we r e a d
” Some c o n c e r n  m u s t  be e x p r e s s e d  a b o u t  t h e  l a c k  o f  
u n d e r s t a n d i n g  o f  some o f  t h e  f u n d a m e n t a l  p h y s i c s  
o f  t h e  ’ O’ and ’ H’ g r a d e  c o u r s e s  among t h e  
w e a k e r  c a n d i d a t e s ” ,
w h i l e  i n  t h e  1974  R e p o r t  we f i n d
” A t  H i g h e r  g r a d e ,  w h e re  q u e s t i o n s  demand p r e c i s e  
k n o w l e d g e ,  i t  becomes  c l e a r  t h a t  many see  no 
d i s t i n c t i o n  b e t w e e n  e n e r g y  and momentum, and 
h a v e  l i t t l e  k n o w l e d g e  o r  a p p r e c i a t i o n  o f  t h e  
l a t t e r ” •
I n  t h e  1980  R e p o r t ,  t h e  f o l l o w i n g  comment was made 
r e g a r d i n g  t h e  g e n e r a l  p e r f o r m a n c e  o f  H -G r a d e  
c a n d i d a t e s  i n  a p r o b l e m  i n v o l v i n g  momentum.
’’ T h i s  was n o t  w e l l  d o n e .  E x p l a n a t i o n s  w e re  
g e n e r a l l y  p o o r  and i t  was a p p a r e n t  t h a t  t h e  p h y s i c s  
o f  t h e  s i t u a t i o n  was n o t  u n d e r s t o o d  by m a n y . ”
The J o h n s t o n e  and M u g h o l  s t u d y  d e s c r i b e d  e a r l i e r  was 
u n d e r t a k e n  ” t o  e s t a b l i s h  w h i c h  o f  t h e  c o n c e p t s  t a u g h t  
i n  s c h o o l  p h y s i c s  a r e  p r o v i n g  t r o u b l e s o m e ,  so t h a t  a 
s y s t e m a t i c  i n v e s t i g a t i o n  o f  e ach  o f  the m  may be 
u n d e r t a k e n  t o  e s t a b l i s h  t h e  c a u s e  o f  t h e  d i f f i c u l t y ” .
T h i s  h a s  b e e n  t h e  f u n c t i o n  o f  t h e  p r e s e n t  i n v e s t i g a t i o n  
i n  t h e  a r e a  o f  m e c h a n i c s .  H o w e v e r ,  b e f o r e  d e s c r i b i n g
5t h e  p r e s e n t  i n v e s t i g a t i o n  i n  any  d e t a i l ,  i t  may be 
h e l p f u l  t o  o u t l i n e  t h e  g e n e r a l  b a c k g r o u n d  t o  t h e  
i n v e s t i g a t i o n .
S c i e n c e  e d u c a t i o n  i n  S c o t l a n d  has  c e r t a i n  i d e n t i f i a b l e  
f e a t u r e s  w h i c h  d i s t i n g u i s h  i t  f r o m  t h e  p a t t e r n  i n  
o t h e r  a r e a s  o f  B r i t a i n ,
( 1 )  S c i e n c e  i s  o n l y  t a u g h t  i n  s e c o n d a r y  s c h o o l s  i , e ,
f r o m  t h e  age o f  1 2 + ,
( 2 )  F o r  t h e  f i r s t  tw o  y e a r s  o f  s e c o n d a r y  e d u c a t i o n  
( S 1 , S 2 )  a l l  p u p i l s  f o l l o w  a common i n t e g r a t e d  
s c i e n c e  c o u r s e .  T h e r e a f t e r  t h e  s e p a r a t e  s c i e n c e s  
( p h y s i c s ,  c h e m i s t r y ,  b i o l o g y )  a r e  t a u g h t  t o  O r d i n a r y  
G ra d e  ( S 4 )  and H i g h e r  G ra d e  ( 5 5 )  t o  p u p i l s  who c h o o s e  
s c i e n c e ,  M o s t  o f  t h e s e  p u p i l s  w i l l  s t u d y  tw o  s c i e n c e  
s u b j e c t s ,
( 3 )  A l l  s c i e n c e  t e a c h e r s  a r e  g r a d u a t e s  and m u s t  h a v e  
s u c c e s s f u l l y  c o m p l e t e d  a c o u r s e  o f  t e a c h e r  t r a i n i n g  
b e f o r e  b e i n g  a p p o i n t e d  t o  a s c h o o l ,
( 4 )  The  s y l l a b u s e s  i n  s c i e n c e  a r e  d e t e r m i n e d  c e n t r a l l y  
f o r  a l l  s c h o o l s  i n  S c o t l a n d  by t h e  S c o t t i s h  C e n t r a l  
C o m m i t t e e  on S c i e n c e ,
( 5 )  T he  O r d i n a r y  and H i g h e r  G ra de  e x a m i n a t i o n s  a r e  a l s o  
c e n t r a l l y  c o n t r o l l e d  by t h e  S c o t t i s h  C e r t i f i c a t e  o f  
E d u c a t i o n  E x a m i n a t i o n  B o a r d ,
I n  S c o t l a n d ,  s c i e n c e  t e a c h i n g  a t  s e c o n d a r y  s c h o o l  l e v e l  
i s  a t h r e e —s t a g e d  p r o c e s s ,  t h e  f i r s t  p a r t  o f  w h i c h  i s  
o b s e r v a t i o n a l  i n  n a t u r e ,  t h e  s e c o n d  i s  more i n t e r p r e t i v e  
w i t h  some q u a n t i f i c a t i o n  o f  c o n c e p t s ,  w h i l e  t h e  t h i r d  i s  
t h e  g e n e r a l i s a t i o n  and f u r t h e r  r e f i n e m e n t  o f  c o n c e p t s  ( 5 ) ,  
T h e s e  t h r e e  s t a g e s ,  o r  c y c l e s , e n a b l e  b a s i c  c o n c e p t s  t o  
be i n t r o d u c e d  t h r o u g h  s i m p l e ,  c o n c r e t e  e x p e r i e n c e s  a t  
an e a r l y  s t a g e  and t h e n  t o  be g r a d u a l l y  r e f i n e d  and 
made more  q u a n t i t a t i v e  and a b s t r a c t  i n  t h e  l a t e r  
s t a g e s .
6T h i s  c u r r i c u l u m  m o d e l  owes much t o  t h e  t h r e e  s t a g e s  o f  
i n t e l l e c t u a l  d e v e l o p m e n t  o r  ’ l e v e l s  o f  k n o w i n g ’
( e n a c t i v e  t h r o u g h  i c o n i c  t o  s y m b o l i c ) p r o p o s e d  by 
B r u n e r  ( 6 ) .  T h u s ,  i n  y e a r s  1 and 2 ,  c e r t a i n  b a s i c  
c o n c e p t s  ( e . g .  e n e r g y  and f o r c e ) a r e  i n t r o d u c e d  t h r o u g h  
p r a c t i c a l  e x p e r i e n c e .  I n  y e a r s  3 and 4 t h e s e  c o n c e p t s  
a r e  e x a m in e d  a g a i n  i n  more  d e t a i l  and t h e  i d e a s  a r e  
q u a n t i f i e d .  I n  y e a r  5 ,  t h e  c o n c e p t s  a r e  s t i l l  f u r t h e r  
d e v e l o p e d  and  e x t e n d e d ,  u s i n g  m a t h e m a t i c s ,  t o  a h i g h l y  
a b s t r a c t  l e v e l .  T h i s  i s  i l l u s t r a t e d  i n  t h e  f o l l o w i n g  
e x t r a c t s  f r o m  t h e  S . C . E .  P h y s i c s  s y l l a b u s e s  ( 2 ) .
( F i r s t  c y c l e )  -  I n t e g r a t e d  S c i e n c e  C o u r s e .
(A ge  1 2 - 1 3 )  B a s i c  i d e a  b f  e n e r g y  -  b r i e f  i n t r o d u c t i o n  
t o  v a r i o u s  f o r m s  o f  e n e r g y  i n c l u d i n g  
k i n e t i c  ( m o t i o n )  and p o t e n t i a l  ( s t o r e d )  
e n e r g i e s  -  q u a l i t a t i v e  i d e a s  o f  e n e r g y  
i n t e r c o n v e r s i o n s .
(A g e  1 3 - 1 4 )  I d e a  o f  f o r c e  as l i f t i n g ,  p u l l i n g ,  
p u s h i n g ,  s t r e t c h i n g ,  c o m p r e s s i n g  o r  
t u r n i n g  -  e f f e c t  on sh ap e  and on 
m o t i o n  -  m o t i o n  w i t h o u t  f o r c e  as a 
f u n d a m e n t a l  i d e a  -  g r a v i t y  -  
i n t r o d u c t i o n  o f  n e w to n  as u n i t  o f  
f o r c e  — a c t i o n / r e a c t i o n  p a i r s  o f  
f o r c e s  -  w o rk  as m e a su re  o f  e n e r g y  
t r a n s f e r r e d  -  j o u l e  = n e w to n  m e t r e .
( S e c o n d  c y c l e )  -  O r d i n a r y  G r a d e .
S 3 / 54 (A ge  1 4 - 1 6 )  K i n e m a t i c s  by g r a p h i c a l  m e th o d s  -
v e c t o r s  — p h y s i c a l  i d e a s  o f  Mewton I  
and N ewton  I I  -  F = ma -  d e f i n i t i o n  
o f  n e w to n  — v e c t o r  a d d i t i o n  o f  f o r c e s  — 
r e s o l u t i o n  o f  f o r c e s  -  c o n s e r v a t i o n  
o f  l i n e a r  momentum -  Newton  I I I  -  w o r k  
as m e a s u re  o f  e n e r g y  t r a n s f o r m e d  -
SI
S2
p o w e r  as r a t e  o f  d o i n g  w o rk  -  
q u a n t i t a t i v e  t r e a t m e n t  o f  p o t e n t i a l  
and k i n e t i c  e n e r g i e s  -  E = mgh -
2 P^  i  mv d e r i v e d  f r o m  F = ma.
( T h i r d  c y c l e )  -  H i g h e r  G ra de
55 (A g e  1 6 - 1 7 )  K i n e m a t i c s  u s i n g  e q u a t i o n s  o f  m o t i o n
Newton  I I  i n  t e r m s  o f  r a t e  o f  c h a n g e  
o f  momentum -  Newton  I I I  r e l a t e d  t o  
c o n s e r v a t i o n  o f  momentum -  i m p u l s e  -  
e n e r g y  i n  e l a s t i c / i n e l a s t i c  c o l l i s i o n s  
c o l l i s i o n s  i n  tw o  d i m e n s i o n s .
L e b o u t e t - B a r r e l l  ( 7 )  h as  s u g g e s t e d  t h a t ,  i n  t h e  a r e a  o f  
m e c h a n i c s ,  t h e r e  a r e  " b e t w e e n  f i f t e e n  and t w e n t y  b a s i c  
c o n c e p t s " .  I n  o u r  s t u d y ,  we h a v e  t r i e d  t o  r e s t r i c t  
t h e  num be r  o f  c o n c e p t s  i n v o l v e d .  I n i t i a l l y ,  w o r k i n g  
f r o m  t h e  r e s u l t s  o f  t h e  1976 s t u d y  o f  J o h n s t o n e  and M u g h o l ,  
we c o n c e n t r a t e d  on o n l y  t w o  c o n c e p t s  ( *  momentum* and 
’ e n e r g y ’ ) b u t  l a t t e r l y  we f e l t  o b l i g e d  t o  i n c l u d e  a l s o  
t h e  c o n c e p t s  o f  1 f o r c e ’ and ’ i m p u l s e ! . w h i c h  a r e  d i r e c t l y  
r e l a t e d  t o  c h a n o e s  o f  momentum a n d / o r  e n e r g y .
The  s t u d y  o f  m e c h a n i c s ,  e ve n  a t  a f a i r l y  e l e m e n t a r y  l e v e l ,  
w i l l  s o o n  i n v o l v e  t h e  l e a r n e r  i n  t h e  c o m p le x  web o f  i n t e r ­
r e l a t e d  c o n c e p t s  w h i c h  makes up t h e  l o g i c a l ,  t h e o r e t i c a l  
s t r u c t u r e  o f  t h e  m a t e r i a l .  T h e  p u p i l ’ s u n d e r s t a n d i n g  o f  
m e c h a n i c s  c o n c e p t s  m u s t  n e c e s s a r i l y  i n v o l v e  n o t  o n l y  a 
k n o w l e d g e  o f  t h e  b a s i c  c o n c e p t s  ( e . g .  momentum, e n e r g y ,  
f o r c e )  b u t  a l s o ,  and p e r h a p s  more  i m p o r t a n t l y ,  t h e  i n t e r ­
r e l a t i o n s h i p s  b e t w e e n  t h e s e  c o n c e p t s .  As we s h a l l  
d e s c r i b e  i n  more  d e t a i l  l a t e r ,  we f o u n d  i t  d i f f i c u l t  t o  
s e p a r a t e  t h e s e  tw o  f a c t o r s .
T h r o u g h o u t  t h e  r e s e a r c h ,  we h a v e  c o n c e n t r a t e d  on t h e  p u p i l s
B.
u n d e r s t a n d i n g  o f  c e r t a i n  s p e c i f i c  c o n c e p t s  w h i c h  t h e y
e n c o u n t e r  d u r i n g  t h e i r  f o r m a l  s t u d y  o f  p h y s i c s .  T h i s
h a s  m ean t  we h ave  o n l y  i n v o l v e d  p u p i l s  who had a l r e a d y
met t h e s e  c o n c e p t s .  At  v a r i o u s  s t a g e s  i n  t h e  r e s e a r c h ,
we h ave  u sed  d i f f e r e n t  g r o u p s  o f  p u p i l s  t o  t r y  o u t  m a t e r i a l s .
T h e s e  f i e l d  t r i a l s  w i l l  be d e s c r i b e d  i n  d e t a i l  l a t e r  b u t ,
a t  t h i s  s t a g e ,  we s h o u l d  p e r h a p s  m e n t i o n  t h a t ,  b e c a u s e
o f  t h e  n a t u r e  and l e v e l  o f  t h e  m a t e r i a l  b e i n g  t e s t e d ,
we w e re  r e s t r i c t e d  t o  u s i n g  as s u b j e c t s  p u p i l s  who
w e r e  a t  l e a s t  a t  0 - g r a d e  l e v e l  i n  p h y s i c s .  I n  o t h e r
w o r d s ,  t h e  c o m p o s i t i o n  o f  t h e  t e s t  p o p u l a t i o n  m us t  be
k e p t  i n  m in d  when c o n s i d e r i n g  t h e  r e s u l t s  f r o m  t h e
f i e l d  t r i a l s  a n d ,  by t h e  same t o k e n ,  i t  i s  u n l i k e l y
t h a t  t h e s e  r e s u l t s  w i l l  p r o v i d e  much i n f o r m a t i o n  a b o u t
t h e  g r o w t h  o f  t h e  c o n c e p t s  p r i o r  t o  t h e  s t a g e  o f  0 - g r a d e .
F i n a l l y ,  t o  h i g h l i g h t  t h e  r e l e v a n c e  o f  t h e  p r e s e n t  
i n v e s t i g a t i o n ,  we w o u ld  d ra w  a t t e n t i o n  t o  t h e  
f o l l o w i n g  q u e s t i o n  w h i c h  a p p e a r e d  i n  t h e  S . C . E .  H -G r a d e  
P h y s i c s  P a p e r  I I  i n  1 9 7 8 .
Marks
2. A linear air track was used to study collisions between two vehicles, A and B. Vehicle A had a block of hard 
rubber mounted on it, to act as a bumper. Vehicle B had no rubber bumper.
rubber
bumper
A  0 -6 0  kg
>
vehicle A moving vehicle B at rest
to the right with a 
speed of 0 -55 m s~1
Vehicle A had a of 0-60 kg and was projected with a speed of 0-55 m s"1 towards vehicle B.
Vehicle B had a of 0*40 kg and was initially at rest. After being struck by vehicle A, vehicle B moved 
off with a speed of 0-27 m s -1.
(a) Describe how you would measure the time of contact during the collision.
(b ) (i) Calculate the impulse on vehicle A during the collision.
(ii) Explain how you could now use the time of contact to find the average force on vehicle A during 
the collision.
(c) The experiment was repeated with a block of soft rubber on vehicle A instead of the hard rubber. 
The masses of the vehicles and the initial speed of vehicle A were the same as in the first experiment 
and vehicle B was again initially at rest. The final speeds of vehicles A and B were found to be exactly 
the same as before.
During the second collision how do (i) the impulse, (ii) the average force, (iii) the time of contact, 
compare with those of the first experiment? Explain your reasoning in each case.
31
(10)
9At  f i r s t  g l a n c e ,  i t  a p p e a r s  a r e a s o n a b l e  e nough  
q u e s t i o n ,  u n t i l  one l o o k s  more c l o s e l y  a t  t h e  a c t u a l  
n u m e r i c a l  v a l u e s  g i v e n  i n  t h e  q u e s t i o n .  I t  itias 
n o t e d  t h a t ,  o f  a ra n d o m  s a m p le  o f  o v e r  220 s c r i p t s  
m a r k e d ,  42 c a n d i d a t e s  w o r k e d  o u t  ( c o r r e c t l y )  t h a t  
v e h i c l e  A a f t e r  t h e  c o l l i s i o n  was s t i l l  m o v in g  a t
0 . 3 7  ms ^ i n  i t s  o r i g i n a l  d i r e c t i o n .  T h i s  
r e s u l t  d i d  n o t  c o n f l i c t  i n  t h e i r  m in d s  w i t h  t h e  
g i v e n  s t a t e m e n t  t h a t  ' v e h i c l e  B moved o f f  w i t h  a 
s p e e d  o f  0 . 2 7  m s " ^ '  O n l y  3 c a n d i d a t e s  f r o m  t h e  
w h o l e  s a m p le  i n d i c a t e d  t h a t  t h e y  w e re  e v e n  aware  
o f  t h e  u n r e a l i s t i c  v a l u e s  g i v e n  i n  t h e  q u e s t i o n ,  
w h i c h  i m p l y  t h a t ,  a f t e r  t h e  c o l l i s i o n ,  A and B a r e  
m o v i n g  i n  t h e  same d i r e c t i o n  and t h a t  ft i s  m o v in g  
f a s t e r  t h a n  B I I
CHAPTER 2 - A REVIEW OF THE RELEVANT LITERATURE
I n t r o d u c t i o n
I n  t h i s  c h a p t e r ,  we w i l l  r e p o r t  o u r  f i n d i n g s  f r o m  a r e v i e w  
o f  t h e  l i t e r a t u r e  i n . s e v e r a l  d i f f e r e n t  a r e a s ,  a l l  o f  w h i c h  
seemed r e l e v a n t  t o  o u r  i n v e s t i g a t i o n .  UJe h a v e  g r o u p e d  
o u r  f i n d i n g s  u n d e r  f i v e  m a in  h e a d i n g s .
( a )  C o n c e p t s  and c o n c e p t  l e a r n i n g
( b )  L e a r n i n g  t h e o r i e s
( c )  N a p p i n g  c o g n i t i v e  s t r u c t u r e
( d )  I n f o r m a t i o n  o v e r l o a d
( e )  Some f u r t h e r  r e l e v a n t  r e f e r e n c e s .
UJe h a v e  i n c l u d e d ,  w h e r e  a p p r o p r i a t e ,  q u o t a t i o n s  f r o m  t h e  
o r i g i n a l  s o u r c e s .  Uie f e e l  t h a t  s u c h  q u o t a t i o n s  ca n  
o f t e n  c o n v e y  t h e  m e ssa ge  much b e t t e r  t h a n  any  p a r a p h r a s e  
o r  summary  we m i g h t  p r o v i d e .  A t  t h e  same t i m e ,  we h a v e  
t r i e d  t o  a v o i d  h a v i n g  t o o  many s u c h  q u o t a t i o n s ,  s i n c e  
d e t a i l e d  r e f e r e n c e s  t o  t h e  o r i g i n a l  s o u r c e s  a r e  g i v e n  
i n  an a p p e n d i x  (See  page  279 )
( a )  C o n c e p t s  and c o n c e p t  l e a r n i n g
H a v i n g  e m b a r k e d  on an i n v e s t i g a t i o n  o f  c o n c e p t s  i n  
m e c h a n i c s ,  i t  seemed o n l y  r e a s o n a b l e  t h a t  we s h o u l d  
s t a r t  by c o n s i d e r i n g  w h a t  i s  m ea n t  by a c o n c e p t  and 
how c o n c e p t s  a r e  l e a r n e d .
A l t h o u g h  t h e r e  a r e ' n u m e r o u s  r e f e r e n c e s  i n  t h e  
e d u c a t i o n a l  l i t e r a t u r e  t o  c o n c e p t s  and c o n c e p t u a l  
l e a r n i n g ,  t h e r e  a r e  n o t  t o o  many d e f i n i t i o n s  o f  t h e  
t e r m  ' c o n c e p t ' . N o v a k  ( 8 )  h a s  n o t e d  t h a t  " c o n c e p t s  
a r e  much d i s c u s s e d  i n  e d u c a t i o n ,  b u t  s e ld o m  d e f i n e d  • "  
I t  may be t h a t  t h i s  i s  i n t e n t i o n a l .  I f  m o s t  
c o n c e p t s  a r e  f o r m e d  by a b s t r a c t i n g  common f e a t u r e s  
f r o m  a s e r i e s  o f  e x p e r i e n c e s  and n o t  by d e f i n i t i o n ,  
t h e n  we s h o u l d  be a b l e  t o  u n d e r s t a n d  t h e  m e a n in g  o f  
t h e  t e r m  ' c o n c e p t 1 by c o n s i d e r i n g  v a r i o u s  
s i t u a t i o n s  i n  w h i c h  t h e  t e r m  i s  u s e d .  I n  o t h e r
w o r d s ,  we s h o u l d  be l e f t  t o  f o r m  o u r  own c o n c e p t  
o f  a c o n c e p t .  T h i s  i s  i l l u s t r a t e d  i n  t h e  f o l l o w i n g  
e x t r a c t  ( 9 ) .
" What i s  a C o n c e p t ? To a p s y c h o l o g i s t ,  c o n c e p t u a l  
b e h a v i o u r  i n v o l v e s  g e n e r a l i s i n g  w i t h i n  c l a s s e s  and 
d i s c r i m i n a t i n g  b e t w e e n  c l a s s e s .  An i n d i v i d u a l  
d i s c r i m i n a t e s  b e t w e e n  t h i n g s  when he makes d i f f e r e n t  
r e s p o n s e s  t o  d i f f e r e n t  t h i n g s .  He g e n e r a l i s e s  
among t h i n g s  when he makes t h e  same r e s p o n s e  t o  
d i f f e r e n t  t h i n g s .  When he makes t h e  r e s p o n s e  
' t r i a n g l e 1 t o  any t h r e e - s i d e d  f i g u r e  and t h e  
r e s p o n s e  ' q u a d r i l a t e r a l '  t o  any f o u r - s i d e d  f i g u r e ,  
he i s  d i s c r i m i n a t i n g  b e t w e e n  t r i a n g l e s  and q u a d r i l a t e r a l s  
and he i s  g e n e r a l i s i n g  among t r i a n g l e s  and among 
q u a d r i l a t e r a l s .  I n  g e n e r a l ,  when he makes t h e  
same r e s p o n s e  t o  some members o f  a s e t  and 
d i f f e r e n t  r e s p o n s e s  t o  o t h e r  members o f  t h e  s e t ,  
t h e n  he i s  b o t h  d i s c r i m i n a t i n g  and g e n e r a l i s i n g  
among members  o f  t h e  s e t ,  and a p s y c h o l o g i s t  w o u l d  
s a y  he has  a ' c o n c e p t ' . "
K l a u s m e i e r  e t  a l  ( 1 0 )  d e f i n e  a c o n c e p t  as " o r d e r e d  
i n f o r m a t i o n  a b o u t  t h e  p r o p e r t i e s  o f  one  o r  more  
t h i n g s  -  o b j e c t s ,  e v e n t s ,  o r  p r o c e s s e s  -  t h a t  
e n a b l e s  any p a r t i c u l a r  t h i n g  o r  c l a s s  o f  t h i n g s  
t o  be d i f f e r e n t i a t e d  f r o m  and a l s o  r e l a t e d  t o  
o t h e r  t h i n g s  o r  c l a s s e s  o f  t h i n g s " .
M a r k l e  and T ie m a n n  ( l l )  c o n s i d e r  a c o n c e p t  t o  be 
" a  c l a s s  o r  c a t e g o r y  a l l  t h e  members o f  w h i c h  s h a r e  
a p a r t i c u l a r  c o m b i n a t i o n  o f  c r i t i c a l  p r o p e r t i e s  
n o t  s h a r e d  by any o t h e r  c l a s s " .  W h i t e  ( 1 2 )  p u t s  
i t  more  s i m p l y :  " C o n c e p t s  a r e  c l a s s i f i c a t i o n s " .
Novak ( 8 )  has  f o u n d  t h e  i d e a s  o f  G ow in  h e l p f u l  i n  
c l a r i f y i n g  h i s  c o n c e p t  o f  c o n c e p t .  " G o w in  s e e s
1 2 .
c o n c e p t s  as r e g u l a r i t i e s  i n  f a c t s  d e s i g n a t e d  by 
some c u l t u r a l l y  a g r e e d  upon  s i g n  o r  s y m b o l  
( e . g .  t h e  w o rd  ’ c o n c e p t ’ ) .  F a c t s  i n  t u r n  a r e  
r e c o r d s  o f  e v e n t s , and e v e n t s  a r e  a n y t h i n g  t h a t  
h a p p e n s  o r  ca n  be made t o  h a p p e n .  T h e r e f o r e ,  
c o n c e p t s  a r e  i n v e n t i o n s  o f  man u sed  t o  d e s c r i b e  
o b s e r v e d  r e g u l a r i t i e s  i n  e v e n t s ” .
I n  P e e l ’ s ( 1 3 )  v i e w ,  a c o n c e p t  has  t h r e e  p a r t s :  
’’ f i r s t  t h e r e  i s  t h e  e x t e n s i v e  a r r a y  o f  i n s t a n c e s  
g r o u p e d  t o g e t h e r  and t h o s e  e x c l u d e d ;  s e c o n d l y  
t h e r e  i s  t h e  r u l e  o r  l a w  o r  common p r o p e r t y  by 
w h i c h  t h e  e l e m e n t s  i n  t h e  a r r a y  a r e  p u t  t o g e t h e r ;  
f i n a l l y  t h e r e  i s  t h e  a r b i t r a r y  name g i v e n  t o  t h e  
c o n c e p t .”
S c h a e f e r  ( 1 4 )  d e s c r i b e s  a c o n c e p t  as h a v i n g  ” a 
l o g i c  c o r e  w h i c h  i s  s u r r o u n d e d  by an a s s o c i a t i v e  
f r a m e w o r k . t o  w h i c h  a l s o  t h e  name o f  t h e  c o n c e p t  
b e l o n g s .  The  l o g i c  c o r e  i s  a p a t t e r n  o f  
p r o p e r t i e s  o f  a c l a s s  o f  t h i n g s ,  w h i c h  i s  
i n v a r i a n t  t o  i n d i v i d u a l  o b j e c t s  o f  t h e  c l a s s  as 
w e l l  as t o  t h e  o b s e r v e r ” .
The  m o s t  h e l p f u l  d e s c r i p t i o n  o f  a c o n c e p t  we came 
a c r o s s  was t h a t  g i v e n  by Hu rd  ( 1 5 ) :
” A c o n c e p t  i s  a s y n t h e s i s  o r  l o g i c a l  r e l a t i o n s h i p  
g i v e n  t o  r e l e v a n t  i n f o r m a t i o n  by t h e  i n d i v i d u a l ;  
i t  i s  a p r o d u c t  o f  h i s  own i m a g i n a t i o n ,  i n s i g h t  
o r  r e a s o n e d  j u d g e m e n t .  A c o n c e p t  i s  more t h a n  a 
c o l l e c t i o n  o f  o r g a n i s e d  f a c t s  . . . .  C o n c e p t s  have  
a l o g i c a l  o r d e r  m a k in g  t h e  f a c t s  w i t h i n  t h e  c o n c e p t s  
m e a n i n g f u l  and t h e r e f o r e  u s e f u l  i n  t h i n k i n g . ”
T h i s  d e s c r i p t i o n  e m p h a s i s e s  t h a t  c o n c e p t s  a r e  
m e n t a l  c o n s t r u c t s  w h i c h  h e l p  us t o  o r g a n i s e  
i n f o r m a t i o n  i n  a m e a n i n g f u l  way .  U n l i k e  f a c t s ,  
w h i c h  a r e  u n a l t e r a b l e ,  c o n c e p t s  a r e  d y n a m ic  
s t r u c t u r e s ,  c a p a b l e  o f  m o d i f i c a t i o n  t o  a ccom m o da te
1 3.
and i n t e g r a t e  new i n f o r m a t i o n  i n  a m e a n i n g f u l  may.
” As more  i n f o r m a t i o n  i s  a s s i m i l a t e d ,  t h e  o r i g i n a l  
c o n c e p t  i s  r e o r g a n i s e d ,  i t s  m e a n in g  e x t e n d e d ,  as 
w e l l  as i t s  d i s c r i m i n a t o r y  and p r e d i c t i v e  p o w e r s .
The  economy o f  l e a r n i n g  c o n c e p t s  r e s u l t s  f r o m  
more c o m in g  o u t  t h a n  g o i n g  i n t o  t h e  l e a r n i n g ;  
u n d e r s t a n d i n g  i s  i n c r e a s e d  and t h o u g h t  i s  a m p l i f i e d ”  
( 1 5 ) .
UJe g e t ,  f r o m  H u r d ’ s d e s c r i p t i o n ,  a v e r y  c l e a r  
i m p r e s s i o n  o f  t h e  v a l u e  o f  c o n c e p t s .  C o n c e p t s  
a r e  e s s e n t i a l  c o m p o n e n ts  o f  t h i n k i n g ,  and 
u n d e r s t a n d i n g  comes f r o m  t h e  m e a n i n g f u l  i n t e r n a l  
l i n k i n g  o f  r e l e v a n t  c o n c e p t s .  As W h i t e  ( 1 2 )  p u t s  
i t :
” I f  p e o p l e  a r e  s a i d  t o  u n d e r s t a n d  a t o p i c ,  t h i  
n e c e s s a r i l y  means t h a t  t h e y  p o s s e s s  many 
p r o p o s i t i o n s  a b o u t  t h a t  t o p i c  w h i c h  a r e  h i g h l y  
i n t e r l i n k e d  t h r o u g h  common c o n c e p t s :
U n d e r s t a n d i n g  may i n v o l v e  even  more t h a n  t h a t ,  
b u t  t h i s  e x t e n s i v e  and o r g a n i s e d  body  o f  f a c t s  
i s  an e s s e n t i a l  co m p o n e n t  o f  i t . ”
The  t e r m  ’ c o g n i t i v e  s t r u c t u r e ’ i s  common ly  used  
t o  d e s c r i b e  t h e  o r g a n i s a t i o n  o f  c o n c e p t s  i n  l o n g  
t e r m  memory .  What A u s u b e l  ( 1 V) d e s c r i b e s  as 
’ m e a n i n g f u l  l e a r n i n g ’ i s  c h a r a c t e r i s e d  as b u i l d i  
new m a t e r i a l  i n t o  an e x i s t i n g  c o g n i t i v e  s t r u c t u r  
As we w i l l  d e s c r i b e  l a t e r  i n  more d e t a i l ,  v a r i o u  
t e c h n i q u e s  h ave  been  s u g g e s t e d  ( 1 8 , 1 9 , 2 0 )  f o r  
m a p p in g  c o g n i t i v e  s t r u c t u r e .
We a c q u i r e  c o n c e p t s  by g e n e r a l i s a t i o n  ( n o t i n g  
s i m i l a r i t i e s  o r  common p r o p e r t i e s )  and by 
d i s c r i m i n a t i o n  ( n o t i n g  d i f f e r e n c e s )  . H u r d  (15) .  
g i v e s  a v i v i d  d e s c r i p t i o n  o f  t h e  p r o c e s s :





" F o r m i n g  
e x p l o r i n g  
s i m i l a r i t  
p r o p e r t i e  
I n  t h e i p r o  
f r o m  a bo 
f o r  l o g i c  
and t e s t s  
c h a r a c t e r  
r e p r e s e n t  
p r o c e s s  i  
and ev /a lu  
s e e k i n g  t  
o f  t h e  d a t a " .
Young c h i l d r e n  d i s c o v e r  t h e  c r i t i c a l  a t t r i b u t e s  o f  
a c o n c e p t  ( e . g .  d o g , c h a i r ) by t h e  i n d u c t i v e  p r o c e s s  
o f  c o n c e p t  f o r m a t i o n . I n  t h e  p e r i o d  o f  f o r m a l  
e d u c a t i o n ,  h o w e v e r ,  c h i l d r e n  a c q u i r e  m os t  c o n c e p t s  
by a d e d u c t i v e  p r o c e s s ,  w h i c h  A u s u b e l  ( 1 7 )  c a l l s  
c o n c e p t  a s s i m i l a t i o n , i n  w h i c h  " t h e  c r i t i c a l  
a t t r i b u t e s  o f  c o n c e p t s  • • • • •  a r e  e i t h e r  p r e s e n t e d  
t o  l e a r n e r s  as a m a t t e r  o f  d e f i n i t i o n  o r  a r e  
i m p l i c i t  i n  t h e  c o n t e c t  i n  w h i c h  t h e y  a r e  u s e d " .
I n  t h i s  p r o c e s s ,  t h e  u se  o f  l a n g u a g e  i s  
p a r t i c u l a r l y  i m p c r t a n t .
"When an i n d i v i d u a l  u s e s  l a n g u a g e  t o  a c q u i r e  
a c o n c e p t ,  he i s  n o t  m e r e l y  l a b e l l i n g  a n e w l y  
l e a r n e d  g e n e r i c  i d e a ;  he i s  a l s o  u s i n g  i t  i n  t h e  
p r o c e s s  o f  c o n c e p t  a t t a i n m e n t  t h a t  t r a n s c e n d s  by 
f a r  -  i n  c l a r i t y ,  p r e c i s i o n ,  a b s t r a c t i o n  and 
g e n e r a l i t y  -  t h e  l e v e l  c f  c o n c e p t  a c q u i s i t i o n  
t h a t  can  be a c h i e v e d  w i t h o u t  t h e  use  o f  l a n g u a g e "
I n  o t h e r  w o r d s ,  l a n g u a g e  d oe s  n o t  o n l y  p e r m i t  us  t o  
’ l a b e l *  c o n c e p t s ,  and so make i t  p o s s i b l e  t o  
c o m m u n i c a t e  and s h a r e  o u r  c o n c e p t s  w i t h  o t h e r s .
We use  w o r d s  t o  ’ e n c o d e ’ , ’ m a n i p u l a t e ’ and ’ s t o r e
a c o n c e p t  i s  a s e a r c h i n g  p r o c e s s ,  
an u n o r d e r e d  c o l l e c t i o n  o f  f a c t s  f o r  
i e s  and d i f f e r e n c e s ,  f o r  o r g a n i s a t i o n a l  
s and f o r  a m e a n i n g f u l  i n t e g r a t i o n ,  
c e s s  o f  a b s t r a c t i n g  a common p r o p e r t y  
dy o f  i n f o r m a t i o n ,  t h e  s t u d e n t  l o o k s  
a l  r e l a t i o n s h i p s ,  i n v e n t s  c o n s t r u c t s  
them  by n o t i n g  w h i c h  f e a t u r e s  
i s e  m o s t  o f  t h e  d a t a  b u t  do n o t  
o t h e r  b i t s  o f  i n f o r m a t i o n .  The  
s one o f  d i s c r i m i n a t i n g ,  c a t e g o r i s i n g  
a t i n g  i n  a c y c l i c  m a n n e r ,  a l w a y s  
o g e t  a b e t t e r  c o d i n g  o r  a r r a n g e m e n t
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t h e  i n f o r m a t i o n .  As W h i t e  ( 1 2 )  has  p o i n t e d  o u t ,
’’ The v a s t  body  o f  i n f o r m a t i o n  p e o p l e  c a r r y  i n  t h e i r  
h e a d s  i s  v e r b a l  i n f o r m a t i o n " • K l a u s m e i e r  e t  a l  ( l O )  
c o n s i d e r ,  a t  some l e n g t h ,  t h e  r o l e  o f  l a n g u a g e  i n  
c o n c e p t  a t t a i n m e n t .  They  c o n c l u d e  t h a t ,  a t  t h e  
l o w e r  l e v e l s  o f  c o n c e p t  l e a r n i n g ,  l a n g u a g e  may 
f a c i l i t a t e  l e a r n i n g ,  b u t  i t  i s  n o t  a p r e r e q u i s i t e  
c o n d i t i o n  s i n c e  v e r y  young  c h i l d r e n  can  f o r m  
c o n c e p t s  w i t h o u t  l a n g u a g e .  L a n g u a g e  p l a y s  a 
c r i t i c a l  r o l e ,  h o w e v e r ,  i n  a t t a i n i n g  c o n c e p t s  a t  
w h a t  t h e y  t e r m  a f o r m a l 1 l e v e l ,  a t  w h i c h  !!t h e  
i n d i v i d u a l  m us t  be a b l e  t o  d i s c r i m i n a t e  and l a b e l  
a l l  t h e  d e f i n i n g  a t t r i b u t e s  o f  t h e  c o n c e p t "
Each o f  u s ,  o f  n e c e s s i t y ,  must  f o r m  o u r  own c o n c e p t s .  
To t h a t  e x t e n t ,  c o n c e p t s  a c q u i r e  i d i o s y n c r a t i c  
m e a n i n g s .  C o n c e p t s ,  as m e n t a l  c o n s t r u c t s ,  c a n n o t  
be t r a n s f e r r e d  l i t e r a l l y  f r o m  one p e r s o n  t o  a n o t h e r ,  
□n t h e  o t h e r  h a n d ,  we can  t a l k  a b o u t  c o n c e p t s  and 
d e s c r i b e  the m  i n  w o r d s .  Word d e s c r i p t i o n s  o f  
c o n c e p t s ,  su ch  as a r e  f o u n d  i n  d i c t i o n a r i e s ,  
e n c y c l o p a e d i a s  and t e x t b o o k s ,  r e p r e s e n t  w h a t  
K l a u s m e i e r  ( 1 0 )  c a l l s  t h e  " s o c i e t a l l y - a c c e p t e d " 
m e a n in g  o f  t h e  c o n c e p t .
S u t t o n  ( 2 1 )  makes t h e  i n t e r e s t i n g  p o i n t  t h a t  
" t h e  e s t a b l i s h e d  t r a d i t i o n  i n  s c i e n c e  i s  t h a t  
m e a n in g  can  be e x p r e s s e d  i n  p r e c i s e  d e f i n i t i o n s  
and t h a t  s c i e n t i f i c  k n o w le d g e  i s  p u b l i c  and e x t e r n a l ,  
w r i t t e n  down i n  j o u r n a l s .  I T ,  on t h e  o t h e r  h a n d ,  
t h e  T m e a n i n g * o f  an i d e a  i s  i n  i t s  d e g r e e  o f  
c o n n e c t e d n e s s  w i t h i n  a s t r u c t u r e  o f  o t h e r  i d e a s ,  
t h e n  m e a n in g  i s  i n d e f i n i t e l y  e x p a n d a b l e ,  i s  n o t  
i n  t h e  i n f o r m a t i o n  i t s e l f  b u t  i n  t h e  l e a r n e r  s 
h e a d ,  and d i f f e r s  f r o m  p e r s o n  t o  p e r s o n .  T h e r e  a r e  
a m u l t i t u d e  o f  d i f f e r e n t  p r i v a t e  v e r s i o n s  o f  e v e r y
s c i e n c e  c o n c e p t .  I d e a l l y  t h e y  w i l l  ha ve  c e r t a i n  
f e a t u r e s  i n  common w h i c h  c o n s t i t u t e  t h e  p u b l i c ,  
a g r e e d ,  d e f i n a b l e  v e r s i o n . ”
I n  t h e  s t u d y  o f  m e c h a n i c s ,  a ’ c o n c e p t ’ may mean 
d i f f e r e n t  t h i n g s .  Ule may use  t h e  t e r m  ’ c o n c e p t *  
t o  i n d i c a t e  u n d e r s t a n d i n g  o f  a w o r d ,  e #g *  t h e  
c o n c e p t  o f  a * v e c t o r 1 ; t o  r e p r e s e n t  a g r o u p  o f  
r e l a t e d  f a c t s ,  e . g .  t h e  c o n c e p t  o f  A c c e l e r a t i o n * : 
t o  r e p r e s e n t  an im a g e  o f  some k i n d ,  e . g . t h e  c o n c e p t  
o f  an ’ e l a s t i c  c o l l i s i o n * o r  o c c a s i o n a l l y  t o  
r e p r e s e n t  an a r e a  o f  k n o w l e d g e , e . g .  t h e  c o n c e p t  o f
* k i n e m a t i c s * •
C o n c e p t s  i n  m e c h a n i c s  d i f f e r  i n  l e v e l s  o f  a b s t r a c t i o n  
and o f  c o m p l e x i t y .  At  a l o w  l e v e l  o f  a b s t r a c t i o n  we 
h a v e  c o n c e p t s  su ch  as * l e n g t h  * w h i c h  a r e  a b s t r a c t e d  
d i r e c t l y  f r o m  e x p e r i e n c e  and r e f e r  t o  a s i n g l e  
a t t r i b u t e  o r  p r o p e r t y  o f  t h e  b o d y .  A t  a h i g h  
l e v e l  o f  a b s t r a c t i o n  we f i n d  su ch  c o n c e p t s  as
* g r a v i t a t i o n a l  f i e l d  s t r e n g t h * w h i c h  c a n n o t  be 
r e l a t e d  d i r e c t l y  t o  e x p e r i e n c e  and w h i c h  a r e  
d e f i n e d  by a r e l a t i o n s h i p  b e tw e e n  o t h e r  c o n c e p t s .
H u rd  ( 1 5 )  has  s u g g e s t e d  t h a t  ’’ c o n c e p t s  r e l a t e d
t o  p h y s i c a l  r e a l i t y  and w h i c h  ha ve  s u b s t a n c e  i n  
d i r e c t  o b s e r v a t i o n  a r e  l i k e l y  t o  be e a s i e r  t o  
a c q u i r e  t h a n  a b s t r a c t  i d e a s ”
The  c o m p l e x i t y  o f  a c o n c e p t  i s  g i v e n  by i t s  o r d e r .  
T h u s  momenturn (mv) i s  a s e c o n d —o r d e r  c o n c e p t  b u t  
k i n e t i c  e n e r g y  mv^)  i s  a t h i r d —o r d e r  c o n c e p t .  
L o v e l l  ( 2 2 )  comments  t h a t  " w h i l e  t h e  l e v e l s  o f  
a b s t r a c t i o n  seem t o  be l i m i t e d  t o  t h r e e  — f o r  a t  t h e  
t h i r d  l e v e l  t h e  p u p i l  i s  no l o n g e r  d e a l i n g  w i t h  
f i r s t - h a n d  r e a l i t y  -  t h e  o r d e r  o f  a c o n c e p t  may 
be any number d e p e n d i n g  on i t s  c o m p l e x i t y
1 7.
The  p a r t i c u l a r  c o n c e p t s  we a r e  c o n c e r n e d  w i t h  i n  
t h i s  i n v e s t i g a t i o n  a r e  a l l  a t  t h e  t h i r d  l e v e l  o f  
a b s t r a c t i o n  and a r e  a l l  a t  l e a s t  s e c o n d —o r d e r  
c o n c e p t s .  L o v e l l  r e m i n d s  us t h a t  ” f o r  t h e  p u p i l ,  
t h e  r e a l  p s y c h o l o g i c a l  d i f f i c u l t y  l i e s  i n  t h e  
f o r m a t i o n  o f  s e c o n d —o r d e r  c o n c e p t s ,  t h a t  i s ,  t h i r d  
l e v e l  a b s t r a c t i o n s ”  ( 2 2 )
The  c o n c e p t s  we a r e  c o n c e r n e d  w i t h  a r e  more  p r o p e r l y  
c a l l e d  p r i n c i p l e s , s i n c e  t h e y  a r e  d e f i n e d  by 
r e l a t i o n s h i p s  b e tw e e n  c o n c e p t s  ( e . g .  f o r c e  = 
mass x a c c e l e r a t i o n ) .  A p r i n c i p l e  i s  more  t h a n  
s i m p l y  a number o f  c o n c e p t s  l i n k e d  i n  t h e  same s e n t e n c e .  
A p r i n c i p l e  ( 2 3 )  s t a t e s  a r e l a t i o n s h i p  b e tw e e n  c o n c e p t s  
w h i c h  e n a b l e s  us t o  ( l )  p r e d i c t  c o n s e q u e n c e s  ( 2 )  
e x p l a i n  e v e n t s  ( 3 )  i n f e r  c a u s e s  ( 4 )  c o n t r o l  
s i t u a t i o n s  and ( 5 )  s o l v e  p r o b l e m s .  F o r  e x a m p le ,  
a p u p i l  m i g h t  use  t h e  p r i n c i p l e  ! f o r c e  = mass x 
a c c e l e r a t i o n 1 t o
( 1 )  p r e d i c t  t h a t  a mass w i l l  a c c e l e r a t e  i f  an 
u n b a l a n c e d  f o r c e  i s  a p p l i e d ,
( 2 )  e x p l a i n  why t h e  same a p p l i e d  f o r c e  do e s  n o t  
p r o d u c e  t h e  same a c c e l e r a t i o n  i n  d i f f e r e n t  m a s s e s ,
( 3 )  i n f e r  t h a t  a mass w i l l  move a t  a u n i f o r m  sp e e d  
i f  t h e  f o r c e s  a c t i n g  on i t  a r e  b a l a n c e d ,
( 4 )  c a u s e  a mass t o  a c c e l e r a t e  by a p p l y i n g  an 
u n b a l a n c e d  f o r c e ,
( 5 )  c a l c u l a t e  t h e  v a l u e  o f  t h e  f o r c e  r e q u i r e d  t o  
p r o d u c e  a g i v e n  a c c e l e r a t i o n  i n  a g i v e n  m a ss .
I t  becomes c l e a r  t h a t ,  a t  t h i s  l e v e l ,  t h e  p r e c i s e  
r e l a t i o n s h i p s  i n v o l v e d  i n  a p p l y i n g  t h e  p r i n c i p l e  
r e q u i r e  t h a t  t h e  p u p i l  has  t h e  c a p a c i t y  f o r  a b s t r a c t  
r e a s o n i n g •
Gagne ( 2 4 )  e m p h a s is e s  t h a t  ” t o  l e a r n  a p r i n c i p l e ,  
one  m us t  have  p r e v i o u s l y  l e a r n e d  t h e  c o n c e p t s  o f  
w h i c h  i t  i s  co m p ose d ” . L e a r n i n g  t h e  d e f i n i t i o n  
( t h e  v e r b a l  s t a t e m e n t  o f  t h e  p r i n c i p l e )  w i t h o u t  
an u n d e r s t a n d i n g  o f  t h e  p r e r e q u i s i t e  f a c t s  and 
c o n c e p t s  i s ,  i n  H u r d ’ s ( 1 5 )  w o r d s ,  ” t o  a c q u i r e  a 
f r u i t l e s s  v e r b a l i s a t i o n ” . M a r k l e  and T ie m a n n  ( l l )  
comment t h a t  " v e r b a l i s a t i o n s  o f  t h e  s o r t  ’ An X i s  . .  
when a s k e d  a q u e s t i o n  ’ What i s  an X ? T a r e  n o t  
r e l i a b l e  s i g n s  o f  a l e a r n e r ’ s g r a s p  o f  a c o n c e p t . ”  
T h e  h i g h e s t  l e v e l  o f  c o n c e p t  d e v e l o p m e n t  i s  
p r o b l e m  s o l v i n g  and c r e a t i v e  t h i n k i n o . A t  t h i s  
l e v e l ,  t h e  p u p i l  can a p p l y  p r e v i o u s l y  l e a r n e d  
p r i n c i p l e s  t o  p r o b l e m  s i t u a t i o n s .  T h e r e  i s ,  as 
G o o d w in  and K l a u s m e i e r  ( 2 5 )  s u g g e s t ,  a h i e r a r c h y  






T h e r e  i s  a v e r y  s i m i l a r  h i e r a r c h i c a l  a r r a n g e m e n t  o f  
f a c t s  — ► c o n c e p t s  — ► p r i n c i p l e s  —►laws ™> t h e o r i e s  
w i t h i n  t h e  s u b j e c t - m a t t e r .  T h i s  i s  t e r m e d  t h e  
c o n t e n t  s t r u c t u r e . (An o b v i o u s  q u e s t i o n  a r i s e s  -  
I s  t h e  c o n t e n t  s t r u c t u r e  o f  t h e  s u b j e c t  r e l a t e d  
i n  any way t o  t h e  c o g n i t i v e  s t r u c t u r e  o f  c o n c e p t s  
i n  l o n g  t e r m  memory?)
O s b o rn e  and G i l b e r t  ( 2 6 , 2 7 )  h a ve  d e v i s e d  a m e th o d  
o f  i n v e s t i g a t i n g  c o n c e p t  u n d e r s t a n d i n g  i n  p h y s i c s ,  
w h i c h  t h e y  c a l l  an ’ i n t e r v i e w  a b o u t  i n s t a n c e s ’ 
t e c h n i q u e .  They  have  r e p o r t e d  on t h e  p o t e n t i a l  
and l i m i t a t i o n s  o f  t h e  t e c h n i q u e ,  w h i c h  t u r n s  o u t
t o  h ave  much i n  common w i t h  t h e  t e c h n i q u e  used  
i n  t h e  l a t t e r  p a r t  o f  o u r  own i n v e s t i g a t i o n #
As we s h a l l  d i s c u s s  l a t e r  t h e  m a in  a d v a n t a g e s  o f  
a t e c h n i q u e  l i k e  t h i s  may be i t s  d i a g n o s t i c  f u n c t i o n #
L e a r n i n g  t h e o r i e s
T h e r e  i s  no one t h e o r y  o f  l e a r n i n g ,  n e i t h e r  i s  t h e r e  
a nw e l l —d e f i n e d  s t r a t e g y  w h i c h  a s s u r e s  e v e r y  s t u d e n t  
w i l l  a c q u i r e  a d e s i r e d  c o n c e p t ” ( 1 5 ) «
B r u n e r  ( 2 8 )  has  o b s e r v e d  t h a t  any t h e o r y  o f  i n s t r u c t i o n  
m u s t  be c o n c e r n e d  w i t h  t h r e e  f a c t o r s :
1# t h e  n a t u r e  o f  t h e  k n o w le d g e  t o  be l e a r n e d - ;
2# t h e  n a t u r e  o f  t h e  l e a r n i n g  p r o c e s s ;
3# t h e  n a t u r e  o f  t h e  i n d i v i d u a l  l e a r n e r .
L a w to n  ( 2 9 )  and K a r s h  ( 3 0 )  have  d ra w n  a t t e n t i o n  t o  a 
l i s t ,  p r o d u c e d  by H i l g a r d  i n  1 9 5 6 ,  o f  f o u r t e e n  p o i n t s  
o f  g e n e r a l  a g r e e m e n t  f o r  a l l  l e a r n i n g  t h e o r i e s #
T h i s  l i s t  i n c l u d e d  t h e  f o l l o w i n g :
1 .  I n  a l e a r n i n g  s i t u a t i o n  t h e  c a p a c i t y  o f  t h e  l e a r n e r  
i s  an i m p o r t a n t  f a c t o r  e s p e c i a l l y  as r e g a r d s  aoe 
and a b i l i t y
2 .  M o t i v a t i o n  i s  an i m p o r t a n t  f a c t o r  i n  l e a r n i n g
9 .  A c t i v e  p a r t i c i p a t i o n  by t h e  l e a r n e r  i s  b e t t e r  t h a n
p a s s i v e  r e c e p t i o n
10# M e a n i n g f u l  m a t e r i a l s  and t a s k s  a r e  m a s t e r e d
more  e a s i l y
1 2 .  I n f o r m a t i o n  a b o u t  good p e r f o r m a n c e  as w e l l  as 
m i s t a k e s  a i d s  l e a r n i n g
1 3 .  T r a n s f e r  t o  new t a s k s  w i l l  be b e t t e r  i f  t h e  
l e a r n e r  can  d i s c o v e r  r e l a t i o n s h i p s  f o r  h i m s e l f  
and i f  he has  e x p e r i e n c e  o f  a p p l y i n g  t h e  
p r i n c i p l e s  i n v o l v e d #
2 0 .
G o o d w in  and K l a u s m e i e r  ( 2 5 )  d e f i n e  l e a r n i n g  as " a  
p r o c e s s  i n f e r r e d  f r o m  r e l a t i v e l y  s t a b l e  c h a n g e s  i n  
b e h a v i o u r  t h a t  r e s u l t  t h r o u g h  p r a c t i c e  o r  i n t e r a c t i o n  
w i t h ,  and a d a p t a t i o n  t o ,  t h e  e n v i r o n m e n t • "  L e a r n i n g  
t h u s  r e s u l t s  p r i m a r i l y  f r o m  e x p e r i e n c e  and n o t  f r o m  
m a t u r a t i o n ,  w h i c h  i n v o l v e  c h a n g e s  t h a t  r e s u l t  p r i m a r i l y  
f r o m  p h y s i c a l  g r o w t h *  The t e r m  1 d e v e l o p m e n t  * i s  
co m m o n ly  used  t o  d e s c r i b e  c h a n g e s  b r o u g h t  a b o u t  by 
l e a r n i n g  and m a t u r a t i o n *  C h i l d r e n  a r e  c o n s i d e r e d  
t o  p a s s  t h r o u g h  s e v e r a l  s t a g e s  o r  l e v e l s  o f  c o g n i t i v e  
d e v e l o p m e n t  b e f o r e  r e a c h i n g  i n t e l l e c t u a l  m a t u r i t y *
B r u n e r  ( 2 8 )  f o r  e x a m p le ,  d e s c r i b e s  t h e  l e a r n e r  as 
m o v in g  t h r o u g h  t h r e e  l e v e l s  o f  r e p r e s e n t a t i o n *
I n  t h e  e n a c t i v e  l e v e l ,  t h e  l e a r n e r  m a n i p u l a t e s  
m a t e r i a l  d i r e c t l y .  He t h e n  p r o g r e s s e s  t o  t h e  i c o n i c  
l e v e l ,  w h e re  he d e a l s  w i t h  m e n t a l  im a g e s  o f  o b j e c t s *  
F i n a l l y  he moves t o  t h e  s y m b o l i c  l e v e l  w h e re  he i s  
s t r i c t l y  m a n i p u l a t i n g  s y m b o l s .  A l t h o u g h  c h i l d r e n  
d e v e l o p  e n a c t i v e  p o w e rs  b e f o r e  i c o n i c ,  and i c o n i c  
b e f o r e  s y m b o l i c ,  B r u n e r  s u g g e s t s  t h a t ,  as m a t u r e  
a d u l t s ,  t h e y  w i l l  use  a l l  t h r e e .  I n  any l e a r n i n g  
s i t u a t i o n ,  B r u n e r  s u g g e s t s  t h a t  t h e  s t r u c t u r e  and f o r m  
o f  t h e  k n o w l e d g e  t o  be l e a r n e d  and t h e  s e q u e n c e  i n  
w h i c h  t h e  m a t e r i a l s  t o  be l e a r n e d  a r e  p r e s e n t e d  s h o u l d  
be  m a tc h e d  t o  t h e  a b i l i t y  o f  t h e  l e a r n e r .  "A n y  i d e a  
o r  p r o b l e m  o r  body  o f  k n o w le d g e  can be p r e s e n t e d  i n  a 
f o r m  s i m p l e  e nough  so t h a t  any p a r t i c u l a r  l e a r n e r  can  
u n d e r s t a n d  i t  i n  a r e c o g n i s a b l e  f o r m " .
The s t r u c t u r e  o f  k n o w le d g e  may be d e s c r i b e d  i n  t h r e e  
i n t e r - r e l a t e d  w a ys t  i t s  mode o f  r e p r e s e n t a t i o n  
( i . e .  e n a c t i v e ,  i c o n i c  o r  s y m b o l i c ) ?  i t s  economy 
( i . e .  t h e  amount  o f  i n f o r m a t i o n  we m us t  ha ve  and w o rk  
w i t h  t o  a c h i e v e  u n d e r s t a n d i n g )  and i t s  po w e r  ( i . e .  i t s  
c a p a c i t y  f o r  e n a b l i n g  new c o n n e c t i o n s  t o  be m a d e ) .
F o r  e x a m p l e ,  t h e  s y m b o l i c  f o r m u l a  " s  = £ g t 2n i s  
b o t h  m o re  e c o n o m i c a l  and more  p o w e r f u l  t h a n  t h e  
o r i g i n a l  d a t a  i n v o l v i n g  d i s t a n c e s ,  t i m e s  and
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g r a v i t a t i o n a l  c o n s t a n t s .  To ’ u n d e r s t a n d 1 s u c h  a 
f o r m u l a ,  h o w e v e r ,  t h e  l e a r n e r  mus t  s t a r t  w i t h  t h e  
o r i g i n a l  d a t a  and g r a d u a l l y  w o rk  t o w a r d s  t h e  a b s t r a c t  
r e l a t i o n s h i p .
M o t i v a t i o n  o f  t h e  l e a r n e r  and r e i n f o r c e m e n t  i n  t e r m s  
o f  k n o w l e d g e  o f  r e s u l t s ’ a r e  a l s o  s t r e s s e d  by B r u n e r ,
I t  i s  i m p o r t a n t ,  i n  l e a r n i n g  a d i s c i p l i n e ,  t h a t  t h e  
l e a r n e r  b u i l d s ,  i n  h i s  m in d ,  a ’ c o h e r e n t  c o n c e p t u a l  
s t r u c t u r e ’ and i s  ’ a c t i v e l y  i n v o l v e d  i n  e r e c t i n g  and 
a d a p t i n g  t b i s  s t r u c t u r e ’ . The i m p o r t a n c e  o f  a c t i v e  
i n v o l v e m e n t  has  l e d  B r u n e r  t o  a d v o c a t e  ' d i s c o v e r y  l e a r n i n g ’ 
as a g e n e r a l  t e a c h i n g  m e th o d ,  Shu lm an  ( 3 1 )  d e s c r i b e s  
B r u n e r ' s  t e c h n i q u e  as " p r o v i d i n g  c o n t r a s t s  and 
i n c o n g r u i t i e s  i n  o r d e r  t o  g e t  t h e  c h i l d ,  b e c a u s e  o f  
h i s  d i s c o m f o r t ,  t o  t r y  t o  r e s o l v e  t h e  d i s e q u i l i b r u i m  
by m a k in g  some d i s c o v e r y  ( c o g n i t i v e  r e s t r u c t u r i n g )  . . . .
F o r  B r u n e r ,  i n s t r u c t i o n  i s  a r o l l e r - c o a s t e r  r i d e  o f  
s u c c c e s s i v e  d i s e q u i l i b r i a  and e q u i l i b r i a  u n t i l  t h e  
d e s i r e d  c o g n i t i v e  s t a t e  i s  r e a c h e d  o r  d i s c o v e r e d  • • • •
He h as  a p u p i l  b e g i n  w i t h  p r o b l e m  s o l v i n g . T h i s  
p r o c e s s  i s  a n a l o g o u s  t o  t e a c h i n g  someone t o  sw im by 
t h r o w i n g  h im  i n t o  deep w a t e r .  The  t h e o r y  i s  t h a t  he 
w i l l  l e a r n  t h e  f u n d a m e n t a l s  b e c a u s e  he nee ds  t h e m " .
B r u n e r  ( 2 8 )  has  c l a i m e d  t h a t  " a  t h e o r y  o f  i n s t r u c t i o n  
i s  c o n c e r n e d  w i t h  how w h a t  one w i s h e s  t o  t e a c h  ca n  b e s t  
be l e a r n e d ,  w i t h  i m p r o v i n g  r a t h e r  t h a n  d e s c r i b i n g  
l e a r n i n g  . . . . .  We t e a c h  a s u b j e c t  n o t  t o  p r o d u c e  
l i t t l e  l i v i n g  l i b r a r i e s  on t h a t  s u b j e c t  b u t  r a t h e r  
t o  g e t  t h e  s t u d e n t  t o  . . . .  t a k e  p a r t  i n  t h e  p r o c e s s  
o f  k n o w l e d g e  — g e t t i n g .  K no w ing  i s  a p r o c e s s ,  n o t  
a p r o d u c t ” .
P e r h a p s  t h e  mos t  w e l l - k n o w n  s e q u e n c e  o f  s t a g e s  o f  
c o g n i t i v e  d e v e l o p m e n t  i s  t h a t  o u t l i n e d  by P i a g e t ,  
w h i c h  i s  as f o l l o w s :
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0 -  s e n s o r v - m o t n r  ( b i r t h  t o  2 y e a r s )
1 “  g r e - o p e r a t i o n a l  ( 2  t o  7 y e a r s )
2 “  c o n c r e t e  o p e r a t i o n a l  ( 7  t o  12 y e a r s )
3 "  f o r m a l  o p e r a t i o n a l  (1 2  y e a r s  t o  a d u l t )
O n l y  t h e  l a t t e r  s t a g e s  (2  and 3)  a r e  s i g n i f i c a n t  i n  
s e c o n d a r y  e d u c a t i o n .
D u r i n g  t h e  c o n c r e t e  o p e r a t i o n a l  s t a o e . p u p i l s  g r a d u a l l y  
a c q u i r e  t h e  i d e a s  o f  c o n s e r v a t i o n  o f  s u b s t a n c e ,  l e n g t h ,  
w e i g h t ,  n u m b e r ,  v o l u m e .  They  become a b l e  t o  g r o u p  
o b j e c t s  t o g e t h e r  on t h e  b a s i s  o f  s i m i l a r i t i e s  and 
d i f f e r e n c e s  and t o  a r r a n g e  o b j e c t s  i n  a g r a d e d  s e q u e n c e .  
T h e y  c a n n o t ,  h o w e v e r ,  h a n d l e  a b s t r a c t i o n s  o r  h y p o t h e t i c a l  
p r o p o s i t i o n s *  They  t e n d  n o t  t o  p l a n  a h e a d ,  o f t e n  w o rk  
by t r i a l  and e r r o r ,  and have  d i f f i c u l t y  w i t h  v e r b a l  
d e f i n i t i o n s .
Th e  f o r m a l  o p e r a t i o n a l  s t a g e  se e s  an i n c r e a s i n g l y  f r e e  
u s e  o f  h y p o t h e t i c a l  r e a s o n i n g  and a b i l i t y  t o  h a n d l e  
a b s t r a c t i o n s .  They  now seek  e x h a u s t i v e  d e f i n i t i o n s  
and g e n e r a l  r u l e s .  They  can p l a n  a h e a d ,  make and 
t e s t  h y p o t h e s e s ,  use  s y m b o ls  and become a b l e  t o  
c a r r y  o u t  o p e r a t i o n s  on p r i n c i p l e s  r a t h e r  t h a n  on 
c o n c e p t s .
” U / i t h  t h e  co m in g  o f  f o r m a l  o p e r a t i o n a l  t h o u g h t ,  t h e  
p u p i l  ca n  b e g i n  t o  u n d e r s t a n d  i n  an a n a l y t i c ,  r a t h e r  
t h a n  an i n t u i t i v e ,  s ense  su ch  c o n c e p t s  as momentum 
and e n e r g y  • • • •  An u n d e r s t a n d i n g  o f  t h e s e  i d e a s ,  as 
t h e  p h y s i c i s t  w a n ts  them g r a s p e d ,  d e m a n d s - t h e  
e l a b o r a t i o n  o f  p r e c i s e  r e l a t i o n s h i p s  b e tw e e n  o t h e r  
q u a n t i t i e s *  an i n t u i t i v e  u n d e r s t a n d i n g  do e s  n o t  ( 3 2 )
L o v e l l  ( 3 2 )  has  o u t l i n e d  t h e  m e tho d s  used  i n  s t u d i e s  
by  A r c t j e n h o l d  ( 3 3 )  on p o t e n t i a l  e n e r g y  and W i l l i a m s  ( 3 4 )  
on momentum.  Tn each ca se  t h e r e  a p p e a r s  t o  be a 
d e f i n i t e  h i e r a r c h i c a l  o r d e r  o f  c o n c e p t s  i n v o l v e d .
F o r  e x a m p l e ,  t h e  s e q u e n c e  f o r  momentum w o u ld  a p p e a r
t o  b e : -
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( l )  p -  mu and s i m p l e  c a l c u l a t i o n s  by r u l e .
( i i )  ’ £ p  = c o n s t a n t ’ t y p e  p r o b l e m s .
( i i i )  £ p  = z e r o ’ ^ t y p e  p r o b l e m s ,  w i t h  an i n t u i t i v e  
i d e a  o f  d i r e c t i o n a l  p r o p e r t y .
( i v )  F = ^ p / t  ( w he re  t  = t i m e )  t o  s i m p l e  c a l c u l a t i o n s  
n o t  i n v o l v i n g  t h e  v e c t o r  n a t u r e  o f  p .
( v )  £ p  = c o n s t a n t ,  i n  t e r m s  o f  F 1 = - F 2  and F = A  p / t
( v i )  V e c t o r  n a t u r e  o f  p r e v e a l e d  i n  c a l c u l a t i o n s  o f  
A p  and i p  = c o n s t a n t .  ”  ( 3 2 )
T h i s  s e q u e n c e  was a r r i v e d  a t  by c o m p a r i n g  t h e  mean 
s c o r e s  on s u b - t e s t s .
Raven  has  i n v e s t i g a t e d  t h e  d e v e l o p m e n t  o f  t h e  c o n c e p t s  
o f  a c c e l e r a t i o n  ( 3 5 )  and momentum ( 3 6 )  by g i v i n g  t h e  
p u p i l  a r a n g e  o f  t a s k s  and a n a l y s i n g  t h e  r e s u l t s .
He c o n c l u d e d  t h a t  c h i l d r e n  a t  t h e  c o n c r e t e  o p e r a t i o n a l  
l e v e l  c o u l d  d e v e l o p  an i n t u i t i v e  i d e a  o f  t h e s e  c o n c e p t s ,  
b u t  t h e  p s y c h o l o g i c a l  o r d e r  o f  t h e  t a s k s  d i f f e r e d  f r o m  
t h e  l o g i c a l  o r d e r .
The  w o r k  o f  P i a g e t  has  been l a r g e l y  d e v o t e d  t o  
e x a m i n i n g  how t h e  b a s i c  c o n c e p t s  o f  m a t h e m a t i c s  
and s c i e n c e  d e v e l o p ,  f o r  t h e  most  p a r t  a t  t h e  s t a g e  
o f  c o n c r e t e  o p e r a t i o n a l  t h o u g h t  P e e l  ( 1 3 )  comments  
t h a t  ’’ s c i e n c e  c o n c e p t s ,  i n  t h e  m a in ,  a r e  ’ r e l a t i o n a l  
c o n c e p t s ’ , w h i c h  c o n s i s t  o f  common r e l a t i o n s h i p s  
b e t w e e n  t h e  f e a t u r e s  o f  d i f f e r e n t  e x p e r i e n c e s  . . . .
We do n o t  know enough  a b o u t  t h e  p r o c e s s  ( o f  c o n c e p t  
f o r m a t i o n )  i n  a d o l e s c e n c e ” .
R e v i e w s  o f  P i a g e t ’ s w o rk  a r e  g i v e n  by L o v e l l  ( 3 2 ) ,
P e e l  ( 1 3 )  and F l o y d  ( 3 7 ) . D r i v e r  and E a s l e y  ( 3 8 )  
h a v e  p r o v i d e d  a c r i t i c a l  a n a l y s i s  o f  P i a g e t ’ s w o rk  
and s u g g e s t  t h a t  ” a s e r i e s  o f  r e p l i c a t i o n  s t u d i e s  
w h i c h  f o c u s e d  more  on t h e  a c t u a l  c o n t e n t  o f  t h e  
p u p i l s ’ i d e a s  and l e s s  on t h e  s upp osed  u n d e r l y i n g  
l o g i c a l  s t r u c t u r e s  w o u ld  be u s e f u l ” #
24 .
P i a g e t ’ s w o rk  has  been t o o  o f t e n  i n t e r p r e t e d  i n  a 
n e g a t i v e  way i n  t h e  se nse  t h a t  i t  t e l l s  us w h a t  n o t  
t o  do a t  c e r t a i n  ages  and s t a g e s .  S h a y e r  ( 3 9 ) ,  f o r  
e x a m p l e ,  has  e s t i m a t e d  t h e  c o n c e p t u a l  demands made o f  
a p u p i l  by each  t o p i c  i n  t h e  N u f f i e l d  0 - l e v e l  P h y s i c s  
c o u r s e  i n  t e r m s  o f  P i a g e t i a n  s t a g e s  o f  d e v e l o p m e n t .
He c o n c l u d e d  t h a t  ’’ t h e  c o u r s e  as i t  s t a n d s  and i s  
i n t e n d e d  t o  be h a n d l e d  as a f i v e - y e a r  p r o c e s s ,  i s  
a c c e s s i b l e  a t  a l l  p o i n t s  o n l y  t o  t h e  125+ I . Q .  r a n g e  
o f  p u p i l s ” . U s i n g  a g r o u p  t e s t i n g  t e c h n i q u e  S h a y e r  
e t  a l  ( 4 0 )  have  s t u d i e d  t h e  d i s t r i b u t i o n  o f  P i a g e t i a n  
s t a g e s  o f  t h i n k i n g  i n  a s a m p le  o f  1 0 , 0 0 0  c h i l d r e n  and 
t h e i r  r e s u l t s  i n d i c a t e  t h a t ,  b e tw e e n  t h e  ages  o f  12 t o  
14 y e a r s ,  o n l y  a b o u t  10% t o  2 0 %  o f  t h e  p o p u l a t i o n  a r e  
c a p a b l e  o f  a b s t r a c t  t h i n k i n g  a l t h o u g h  p e r h a p s  50% t o  
80% w i l l  be f a i r l y  a d v a n c ed  ’ c o n c r e t e ’ t h i n k e r s .
Th e  a p p a r e n t  m i s m a t c h  b e tw e e n  t h e  c o n c e p t u a l  demands 
o f  t h e  c u r r i c u l u m  and t h e  s t a g e  o f  c o n c e p t u a l  
d e v e l o p m e n t  o f  t h e  p u p i l s  may be r e m e d i e d  by w h a t  i s  
c a l l e d  ’ c o g n i t i v e  a c c e l e r a t i o n ’ . I n  t h i s  way ,  S h a y e r  
h o p e s  t o  ’’ i n f l u e n c e  t h e  c o g n i t i v e  d e v e l o p m e n t  o f  
c h i l d r e n  so t h a t  t h e y  w o u ld  become c a p a b l e  o f  u s i n g  
t h e  h i g h  l e v e l  m a t e r i a l  t h a t  we t h i n k  i t  n e c e s s a r y  t o  
t e a c h ”  ( 4 1 ) .  T h i s  t e c h n i q u e  i s  c u r r e n t l y  b e i n g
i n v e s t i g a t e d .
R o b e r t s o n  and R i c h a r d s o n  ( 4 2 )  have  i n v e s t i g a t e d  t h e  
d e v e l o p m e n t a l  s e q u e n c e  by w h i c h  p u p i l s  b e tw e e n  12 and 
IB  y e a r s  a c q u i r e d  a number o f  p h y s i c s  c o n c e p t s  ( s u c h  
as  p r e s s u r e ,  f o r c e  and w o r k ) #  They  n o t e  p a r t i c u l a r l y  
t h e  p u p i l s 1 l a c k  o f  u n d e r s t a n d i n g  o f  such  c o n c e p t s .  
’’ The  t e s t s  o f  t h e  c o n s e r v a t i o n  o f  p r e s s u r e ,  f o r c e ,  
a c c e l e r a t i o n  w o rk  and p o t e n t i a l  e n e r g y  p r o v i d e  
d r a m a t i c  e v i d e n c e  on t h e  l a c k  o f  u n d e r s t a n d i n g  o f  
t h e s e  c o n c e p t s  . . . .  T h e r e  i s  much e v i d e n c e  o f  v e r b a l
l e a r n i n g . ”
25.
Novak ( 8 )  a r g u e s  t h e  case  f o r  an a l t e r n a t i v e  t o  
P i a g e t i a n  p s y c h o l o g y  f o r  s c i e n c e  and m a t h e m a t i c s  
e d u c a t i o n .  H a v in g  d e s c r i b e d  v a r i o u s  r e s e a r c h  
f i n d i n g s ,  he c o n c l u d e s :
” We se e  no e v i d e n c e  o f  ’ s t a g e s 1 o f  c o g n i t i v e  
d e v e l o p m e n t  o v e r  t h e  age r a n g e  s i x  t o  t u / e n t y  p l u s ,  
b u t  r a t h e r  e v i d e n c e  f o r  c o g n i t i v e  d e v e l o p m e n t  
m a n i f e s t e d  as a b r o a d e n i n g  a r r a y  and e l a b o r a t i o n  o f  
s p e c i f i c  c o n c e p t s .  To t h e  e x t e n t  t h a t  b r o a d ,  
w i d e l y  r e l e v a n t  c o n c e p t s  a r e  d i f f e r e n t i a t e d  o v e r  t i m e ,  
o l d e r  s u b j e c t s  show more f a c i l i t y  f o r  l e a r n i n g  new 
r e l e v a n t  c o n c e p t s  and hence  a g e n e r a l i s e d  i n c r e a s e  
i n  c o m p e t e n c e  f o r  a b s t r a c t  r e a s o n i n g  i s  m a n i f e s t  • • • •
The  d a t a  p r e s e n t e d  i n  t h i s  p a p e r  s u p p o r t ,  i n  o u r  v i e w ,  
a m o d e l  o f  c o g n i t i v e  d e v e lo p m e n t  t h a t  i s  n o t  ’ s t a g e ’ 
d e p e n d e n t ,  b u t  r a t h e r  d e p e n d e n t  on t h e  f r a m e w o r k  o f  
s p e c i f i c  c o n c e p t s  and i n t e g r a t i o n s  b e tw e e n  t h e s e  
c o n c e p t s  a c q u i r e d  d u r i n g  t h e  a c t i v e  l i f e - s p a n  o f  
t h e  i n d i v i d u a l .  The l e a r n i n g  p r o c e s s e s  i n v o l v e d  
a r e  a d e q u a t e l y  e x p l a i n e d  b o t h  f o r  c o n t e m p o r a n e o u s  
l e a r n i n g  e p i s o d e s  and d e v e l o p m e n t a l l y  o v e r  t i m e  by 
A u s u b e l ’ s t h e o r y  o f  c o g n i t i v e  l e a r n i n g ” .
A b a s i c  p r e m i s e  o f  A u s u b e l ’ s t h e o r y  o f  l e a r n i n g  i s  t h a t  
’ t h e  m o s t  i m p o r t a n t  s i n g l e  f a c t o r  i n f l u e n c i n g  l e a r n i n g  
i s  w h a t  t h e ,  l e a r n e r  a l r e a d y  k n o w s ’ ( 8 ) .  T h i s  ’ p r i o r  
k n o w l e d g e ’ i n f l u e n c e s  t h e  p r o c e s s  w h e re b y  t h e  l e a r n i n g  
o c c u r s .  The i m p o r t a n c e  o f  p r i o r  k n o w le d g e  t o  t h e  
l e a r n i n g  o f  s c i e n c e ,  i n  t e r m s  o f  A u s u b e l ’ s t h e o r y ,  
h a s  bee n  d i s c u s s e d  by West  and Fensham ( 4 3 ) .
Two f u n d a m e n t a l  d i m e n s i o n s  o f  t h e  l e a r n i n g  p r o c e s s  a r e  
i n v o l v e d  i n  A u s u b e l ’ s t h e o r y .  One d i m e n s i o n  r e l a t e s  
t o  t h e  ways  i n f o r m a t i o n  i s  made a v a i l a b l e  t o  t h e  l e a r n e r  
- e i t h e r  by r e c e p t i o n  o r  by d i s c o v e r y . The o t h e r  
d i m e n s i o n  r e l a t e s  t o  t h e  means -  e i t h e r  m e a n i n g f u l  
o r  r o t e  -  by w h i c h  t h e  l e a r n e r  a s s i m i l a t e s  t h e  










T h e s e  tw o  d i m e n s i o n s  a r e  assumed t o  be i n d e p e n d e n t .
Novak ( 8 )  i l l u s t r a t e s  t h i s  as f o l l o w s : -
C l a s s i f i c a t i o n  W e l l - d e s i g n e d  S c i e n t i f i c  r e s e a r c h
o f  r e l a t i o n s h i p s  a u d i o —t u t o r i a l  New m u s i c  o r
b e t w e e n  c o n c e p t s  i n s t r u c t i o n  a r c h i t e c t u r e
L e c t u r e s  o r  
m o s t  t e x t b o o k  
p r e s e n t a t i o n s
H o s t  r o u t i n e  ’ r e s e a r c h ’ 
o r  i n t e l l e c t u a l  
p r o d u c t i o n
S c h o o l
l a b o r a t o r y
work
M u l t i p l i c a t i o n  A p p l y i n g  f o r m u l a e  T r i a l  and e r r o r




I n  r e c e p t i o n  l e a r n i n g , t h e  m a t e r i a l  t o  be l e a r n e d  i s  
p r e s e n t e d ,  i n  i t s  f i n a l  f o r m ,  t o  t h e  l e a r n e r .  I n  
d i s c o v e r y  l e a r n i n g , n o t  a l l  t h e  i n f o r m a t i o n  t o  be 
l e a r n e d  i s  p r o v i d e d ;  some mus t  be i d e n t i f i e d  by t h e  
l e a r n e r .  A u s u b e l ’ s t h e o r y  a p p l i e s  m a i n l y  t o  
r e c e p t i o n  l e a r n i n g ,  s i n c e ,  i n  h i s  v i e w ,  mos t  c o n c e p t s  
a r e  l e a r n e d  by c o n c e p t  a s s i m i l a t i o n  r a t h e r  t h a n  
c o n c e p t  f o r m a t i o n  ( 1 7 ) .  A u s u b e l  has  q u e r i e d  t h e  
a d v a n t a g e s  c l a i m e d  f o r  t h e  ’ d i s c o v e r y ’ a p p r o a c h  ( 4 4 )  
and h as  a r g u e d  t h a t  u n s t r u c t u r e d  a u to n o m o u s  d i s c o v e r y  
l e a r n i n g  f o r  a p u p i l  o f  a v e r a g e  a b i l i t y  i s  u n r e a l i s t i c .  
M e a n i n o f u l  v e r b a l  l e a r n i n g  ( a s  d i s t i n c t  f r o m  r o t e  
l e a r n i n g )  i s  a more e f f i c i e n t  me thod  o f  t r a n s m i t t i n g  
k n o w l e d g e .
’’ M e a n i n g f u l  l e a r n i n g  t a k e s  p l a c e  i f  t h e  l e a r n i n g  t a s k  
i s  r e l a t e d  i n  a n o n - a r b i t r a r y  and n o n - v e r b a t i m  f a s h i o n  
t o  t h e  l e a r n e r ’ s e x i s t i n g  s t r u c t u r e  o f  k n o w l e d g e ”  ( 1 7 )  
T h i s  assumes t h e  l e a r n e r  makes a c o n s c i o u s  e f f o r t  t o  
r e l a t e  t h e  new k n o w le d g e  t o  e x i s t i n g  c o n c e p t s  o r  
p r i n c i p l e s  i n  h i s  c o g n i t i v e  s t r u c t u r e  and t h a t  t h e
new k n o w l e d g e  i s  p o t e n t i a l l y  m e a n i n g f u l  t o  t h e  l e a r n e r .  
R o t e  l e a r n i n g  w i l l  o c c u r  i f  t h e  l e a r n e r  l a c k s  r e l e v a n t  
c o n c e p t s  i n  h i s  c o g n i t i v e  s t r u c t u r e  o r  i f  he d e c i d e s  t o  
i n t e r n a l i s e  t h e  new k n o w le d g e  i n  a v e r b a t i m  f a s h i o n .
The  c o n d i t i o n s  f o r  m e a n i n g f u l  l e a r n i n g  has  been  
s u m m a r i s e d  ( 4 4 )  as f o l l o w s : -
C o g n i t i v e  s t r u c t u r e  
h as  r e l e v a n t  i t e m s  
( s u b s u m e r s )
+
New m a t e r i a l  t o  
be l e a r n e d  i s  
l o g i c a l l y  
r e l a t a b l e
+
L e a r n e r  i s  
d i s p o s e d  t o  
r e l a t e  i d e a s  
t h i s  way
M e a n i n g f u l  l e a r n i n g  i n v o l v e s  t h e  i n t e r a c t i o n  b e t w e e n  t h e  
new k n o w l e d g e  and e x i s t i n g  k n o w l e d g e .  A u s u b e l  u s e s  t h e  
t e r m  ’ s u b s u m e r ’ t o  i d e n t i f y  any c o n c e p t  o r  p r i n c i p l e  
w h i c h  t h e  l e a r n e r  a l r e a d y  knows t h a t  can  p r o v i d e  an 
a n c h o r a g e  f o r  t h e  new k n o w l e d g e .  I n  t h e  p r o c e s s  o f  
’ s u b s u m p t i o n ’ . b o t h  t h e  a n c h o r i n g  c o n c e p t  and t h e  
new k n o w l e d g e  a r e  m o d i f i e d  b u t  r e t a i n  t h e i r  s e p a r a t e  
i d e n t i t i e s .  The new k n o w le d g e  i s  a s s i m i l a t e d  i n t o  
t h e  c o g n i t i v e  s t r u c t u r e  w h i c h ,  as a r e s u l t ,  becomes 
more  e l a b o r a t e d  w i t h  new i n t e r c o n n e c t i o n s  b e tw e e n  
c o n c e p t s .  M e a n i n g f u l  l e a r n i n g ,  t h e r e f o r e ,  r e s u l t s  
i n  t h e  c o n t i n u o u s  m o d i f i c a t i o n  and e l a b o r a t i o n  o f  t h e  
l e a r n e r ’ s c o g n i t i v e  s t r u c t u r e ,  and i n d i v i d u a l  
v a r i a t i o n  i n  c o n c e p t  a t t a i n m e n t  i s  a f u n c t i o n  o f  t h e  
s p e c i f i c  l e a r n i n g  e x p e r i e n c e s  r a t h e r  t h a n  m a t u r a t i o n .  
’’ O l d e r  c h i l d r e n  a r e  g e n e r a l l y  c a p a b l e  o f  s o l v i n g  more  
c o m p l e x  ( a b s t r a c t )  p r o b l e m s  t h a n  y o u n g e r  c h i l d r e n -  
n o t  b e c a u s e  t h e y  have  some u n i q u e  c o g n i t i v e  c a p a c i t y  
( s t r u c t u r e )  b u t  r a t h e r  b e c a u s e  t h e  o v e r a l l  l e v e l  o f  
d i f f e r e n t i a t i o n  and i n t e g r a t i o n  o f  t h e i r  c o n c e p t s  
i s  much more  e l a b o r a t e "  ( 8 )
I f  m e a n i n g f u l  r e c e p t i o n  l e a r n i n g  i n v o l v e s  t h e  
a s s i m i l a t i o n  o f  p o t e n t i a l l y  m e a n i n g f u l  m a t e r i a l  i n t o  
t h e  l e a r n e r ’ s e x i s t i n g  c o g n i t i v e  s t r u c t u r e ,  i t
28.
f o l l o w s  t h a t  s u c c e s s f u l  a s s i m i l a t i o n  o f  new c o n c e p t s  
w i l l  d ep e nd  on t h e  " c o n t e n t ,  s t a b i l i t y ,  c l a r i t y  and 
o r g a n i s a t i o n a l  p r o p e r t i e s "  o f  t h e  l e a r n e r ’ s e x i s t i n g  
c o g n i t i v e  s t r u c t u r e  -  h i s  ’ p r i o r  k n o w l e d g e 1 .
The  m a j o r  i m p l i c a t i o n  o f  a l l  t h i s  f o r  t e a c h i n g  
c o n c e p t s  i s  t h a t  i n a s m u c h  as e x i s t i n g  c o g n i t i v e  s t r u c t u r e  
r e f l e c t s  t h e  o u tc o m e  o f  a l l  p r e v i o u s  m e a n i n g f u l  l e a r n i n g  
c o n t r o l  o v e r  t h e  a c c u r a c y ,  c l a r i t y ,  l o n g e v i t y  i n  memory 
and t r a n s f e r a b i l i t y  o f  t h e  c o n c e p t s  t o  be a s s i m i l a t e d  
c a n  be e x e r c i s e d  mos t  e f f e c t i v e l y  by a t t e m p t i n g  t o  
i n f l u e n c e  t h e  c r u c i a l  v a r i a b l e s  o f  c o g n i t i v e  
s t r u c t u r e "  ( 1 7 )
A u s u b e l  s u g g e s t s  t h a t  t h i s  c o u l d  be a c h i e v e d  i n  tw o  
ways
( a )  by t h e  use  o f  ’ u n i f y i n g ’ c o n c e p t s
( b )  by a p p r o p r i a t e  s e q u e n c i n g  o f  t h e  m a t e r i a l .
A u s u b e l  a d v o c a t e s  t h e  p r o v i s i o n  o f  ’ a d v a n c e  
o r g a n i s e r s ’ -  g e n e r a l  e x p o s i t o r y  o r  c o m p a r a t i v e  
s t a t e m e n t s  w h i c h  a r e  p r e s e n t e d  t o  t h e  l e a r n e r  b e f o r e  
t h e  more  d e t a i l e d  new m a t e r i a l ,  and w h i c h  f a c i l i t a t e  
l e a r n i n g  by p r o v i d i n g  a f r a m e w o r k  i n t o  w h i c h  t h e  new 
k n o w l e d g e  can  f i t  and ,  a t  t h e  same t i m e ,  l i n k i n g  i t  
t o  e x i s t i n g  k n o w l e d g e .  I t  i s  t h i s  l i n k i n g  o r  
b r i d g i n g  a s p e c t  o f  t h e  o r g a n i s e r  w h i c h  i s  m os t  
u s e f u l  t o  t h e  l e a r n e r .  A u s u b e l  ( 1 7 )  s u g g e s t s  t h a t  
an o r g a n i s e r  s h o u l d  be " p r e s e n t e d  a t  a h i g h e r  l e v e l  
o f  a b s t r a c t i o n ,  g e n e r a l i t y  and i n c l u s i v e n e s s " ,  b u t  
Novak ( 8 )  p o i n t s  o u t  t h a t  " w h e r e  no r e l e v a n t  c o n c e p t s  
e x i s t  i n  t h e  l e a r n e r ’ s c o g n i t i v e  s t r u c t u r e ,  i t  i s  
u n l i k e l y  t h a t  any t y p e  o f  a d v a n c e  o r g a n i s e r  w i l l  
f u n c t i o n ,  f o r  t h e  o r g a n i s e r  i t s e l f  m us t  be 
m e a n i n g f u l  t o  t h e  l e a r n e r " #
The  i d e a  o f  a d v a n c e  o r g a n i s e r s  has  been t h e  m os t  
r e s e a r c h e d  p a r t  o f  f l u s u b e l ' s  t h e o r y  ( 4 5 , 4 6 , 4 7 )
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b u t ,  as Novak ( 8 )  p o i n t s  o u t ,  most  s t u d i e s  have  n o t  
s a t i s f i e d  t h e  c o n d i t i o n s  f o r  m e a n i n g f u l  l e a r n i n g .
W e s ta n d  Fensham ( 4 3 )  s u g g e s t  t h a t  f,i n  a t t e m p t i n g  t o  
e s t a b l i s h  ( t h e )  e f f e c t i v e n e s s  ( o f  A u s u b e l i a n  
p r o c e d u r e s  i n  c l a s s r o o m s ) ,  r e s e a r c h  m i g h t  b e g i n  
i n  l e a r n i n g  a r e a s  t h a t  a r e  a c k n o w le d g e d  t o  h a ve  
h i g h  l e v e l s  o f  f a i l u r e ” .
A u s u b e l ’ s t h e o r y  r e l a t e s  t o  t h e  c o g n i t i v e  p r o c e s s  o f  
l e a r n i n g  c o m p le x  v e r b a l  m a t e r i a l  a nd ,  as s u c h ,  
h a s  d i r e c t  r e l e v a n c e  t o  t h e  t e a c h e r .  The  i m p o r t a n c e  
p r i o r  k n o w l e d g e  i n  i n f l u e n c i n g  s u b s e q u e n t  l e a r n i n g  
s u g g e s t s  t h a t  d i a g n o s t i c  o r  ’ r e a d i n e s s ’ t e s t s  t o  
p r o v i d e  e v i d e n c e  o f  e x i s t i n g  c o g n i t i v e  s t r u c t u r e  
( a n d  p o s s i b l e  m i s c o n c e p t i o n s )  m i g h t  be u s e f u l .  To 
f a c i l i t a t e  l e a r n i n g ,  t h e  t e a c h e r  s h o u l d  make use  o f  
f r e q u e n t  r e f e r e n c e s  t o  p r e v i o u s l y  l e a r n e d  m a t e r i a l  a nd ,  
a t  t h e  b e g i n n i n g  o f  a l e s s o n ,  o r  new p a r t  o f  t h e  c o u r s e ,  
t o  t h e  l e a r n i n g  w h i c h  i s  t o  f o l l o w .  The use  o f  
’ u n i f y i n g ’ c o n c e p t s ,  o f  w id e  e x p l a n a t o r y  p o w e r ,  and 
t h e  e x p l i c i t  l i n k i n g  o f  common i d e a s  s h o u l d  h e l p  t o  
p r o m o t e  m e a n i n g f u l  l e a r n i n g .
The  t h e o r i e s  o f  l e a r n i n g  so f a r  d e s c r i b e d  c o n c e n t r a t e  
a t t e n t i o n  on w h a t  g oe s  on i n  t h e  m ind  o f  t h e  l e a r n e r .
T h e y  w o u l d  a l l  see l e a r n i n g  as t h e  i n t e r n a l  r e o r g a n i s a t i o n  
o f  e x i s t i n g  k n o w l e d g e  t o  accommodate  some new i d e a .
T h ey  w o u l d  a g r e e  t h a t  ’’ c o g n i t i v e  d e v e l o p m e n t  i s  a 
d y n a m i c  p r o c e s s  and t h a t  c o g n i t i v e  s t r u c t u r e  i s  
c o n s t a n t l y  b e i n g  m o d i f i e d  t h r o u g h  e x p e r i e n c e ” .
T h e i r  m o d e l  o f  t h e  l e a r n i n g  p r o c e s s  m i g h t  be ( 2 5 ) :
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T h e  b e h a v i o u r i s t  t h e o r y  o f  l e a r n i n g ,  on t h e  o t h e r  h a n d ,  
p a y s  much more  a t t e n t i o n  t o  t h e  a s s o c i a t i o n  o f  a g i v e n  
s t i m u l u s  and a r e s p o n s e .  From t h e  a c t u a l  o b s e r v e d  
c h a n g e s  i n  b e h a v i o u r  o f  t h e  l e a r n e r ,  t h e y  i n f e r  t h a t
l e a r n i n g  h as  t a k e n  p l a c e .  S i n c e  t h e y  c a n n o t  see  
i n t o  t h e  l e a r n e r ’ s m ind  t h e y  a r g u e  t h a t  t h e y  can  o n l y  
d e t e r m i n e  t h e  s t a t e  o f  h i s  i n t e l l e c t  by o b s e r v i n g  
some a s p e c t  o f  b e h a v i o u r .  By f e e d b a c k  o f  i n f o r m a t i o n  
t o  r e i n f o r c e  t h e  d e s i r e d  b e h a v i o u r  p a t t e r n ,  t h e y  
w o u l d  c l a i m  t o  p r o m o t e  l e a r n i n g .  T h e i r  m o d e l  o f  
t h e  l e a r n i n g  p r o c e s s  w o u ld  show a d i f f e r e n t  
e m p h a s i s  ( 2 5 ) :
lilhen t h i s  t h e o r y  i s  t r a n s l a t e d  i n t o  p r a c t i c e ,  t h e  
d i f f e r e n c e  i n  e m p h a s i s  becomes more a p p a r e n t .  The 
b e h a v i o u r i s t  p h i l o s o p h y  i s  t h a t  i n s t r u c t i o n  i s  t e a c h e r
t h e  l e a r n e r  i s  c a r e f u l l y  g u i d e d  t h r o u g h  a p r e p a r e d  
s e q u e n c e  o f  s t e p s  t o w a r d s  a p r e v i o u s l y  d e f i n e d  
t e r m i n a l  o b j e c t i v e ,  s t a t e d  e x p l i c i t l y  i n  b e h a v i o u r a l  
t e r m s .  The  i n s t r u c t i o n a l  s e q u e n c e  i s  l o g i c a l l y ,  
r a t h e r  t h a n  p s y c h o l o g i c a l l y ,  s t r u c t u r e d  and i s  
b a s e d  on a t a s k  a n a l y s i s  o f  t h e  m a t e r i a l  t o  be 
l e a r n e d .
Th e  i n f l u e n c e  o f  t h e  b e h a v i o u r i s t  t h e o r y  o f  l e a r n i n g  
i s  s e e n  i n  t h e  e x t e n s i v e  w o rk  w h i c h  has  been  done  on 
t h e  w r i t i n g  o f  b e h a v i o u r a l  o b j e c t i v e s  ( 4 8 , 4 9 ) ,  and i n  
t h e  d e v e l o p m e n t  o f  p rog ram m ed  l e a r n i n g  and c o m p u t e r  
a s s i s t e d  i n s t r u c t i o n  ( 9 , 3 0 ) .  A more d i r e c t  
a p p l i c a t i o n  t o  t h e  l e a r n i n g  p r o c e s s  has  been  t h e  
i d e a  o f  ’ l e a r n i n g  h i e r a r c h i e s ’ , d e v e l o p e d  by Gagne ( 2 4 ) .
G ag ne ,  i n  h i s  book  ’ The C o n d i t i o n s  o f  L e a r n i n g ! 
i d e n t i f i e s  e i g h t  t y p e s  o f  l e a r n i n g  w h i c h  ca n  o c c u r .  








c o n t r o l l e d  ( o r  even  s u b j e c t  m a t t e r  c o n t r o l l e d )  and
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1 .  s i g n a l  l e a r n i n g
2 .  s t i m u l u s  — r e s p o n s e  l e a r n i n g
3 .  c h a i n i n g
4 .  v e r b a l  a s s o c i a t i o n
5 .  m u l t i p l e  -  d i s c r i m i n a t i o n  l e a r n i n g
6 .  c o n c e p t  l e a r n i n g
7 .  p r i n c i p l e  ( o r  r u l e )  l e a r n i n g
8 .  p r o b l e m  s o l v i n g
The h i g h e s t  a b i l i t y  -  p r o b l e m  s o l v i n g  -  r e q u i r e s  
t h a t  t h e  l e a r n e r  has  p r o g r e s s e d  t h r o u g h  a l l  t h e  
t h e  p r e v i o u s  s t a g e s .  A l l  t h e  o t h e r s  become 
’ p r e r e q u i s i t e s ’ f o r  p r o b l e m  s o l v i n g .  I n  t h e  
same way ,  Gagne a r g u e s ,  any p i e c e  o f  k n o w l e d g e  
ca n  o n l y  be a c q u i r e d  by p e o p l e  who p o s s e s s  c e r t a i n  
p r e r e q u i s i t e -  p i e c e s  o f  k n o w l e d g e ,  w h i c h  h ave  t h e i r  
own p r e r e q u i s i t e s  i n  t u r n .
’’ T h u s  i t  becomes p o s s i b l e  t o  ’ w o rk  b a c k w a r d ’ 
f r o m  any g i v e n  o b j e c t i v e  o f  l e a r n i n g  t o  d e t e r m i n e  
w h a t  t h e  p r e r e q u i s i t e  l e a r n i n g s  m us t  be -  i f  
n e c e s s a r y  a l l  t h e  way b ack  t o  c h a i n s  and s i m p l e  
d i s c r i m i n a t i o n s .  When su ch  an a n a l y s i s  i s  made, 
t h e  r e s u l t  i s  a k i n d  o f  map o f  w h a t  m us t  be 
l e a r n e d .  W i t h i n  t h i s  map,  a l t e r n a t i v e  ’ r o u t e s ’ 
a r e  a v a i l a b l e  f o r  l e a r n i n g ,  some o f  w h i c h  may be 
b e s t  f o r . . o n e  l e a r n e r ,  some f o r  a n o t h e r .  B u t  t h e  
map m u s t  r e p r e s e n t  a l l  t h e  e s s e n t i a l  l a n d m a r k s ”  ( 2 4 )
The end p r o d u c t  o f  su ch  a t a s k  a n a l y s i s  i s  a l e a r n i n g  
h i e r a r c h y . The d e s i r e d  t e r m i n a l  b e h a v i o u r  a p p e a r s  
a t  t h e  t o p  o f  a c o m p le x  p y r a m i d  o f  s u b o r d i n a t e  p r e ­
r e q u i s i t e  t a s k s  a n d ,  a t  t h e  b a se  o f  t h e  p y r a m i d ,  
a p p e a r  t h e  s k i l l s  w h i c h  t h e  l e a r n e r  a l r e a d y  has  -  h i s  
’ p r i o r  k n o w l e d g e ’ . A c c o r d i n g  t o  Gagne,  t h e  l e a r n i n g  
p r o c e s s  s h o u l d  be s e q u e n c e d  i n  a c c o r d a n c e  w i t h  t h e  
p r e p a r e d  l e a r n i n g  h i e r a r c h y ,  f o r  t h i s  r e p r e s e n t s  t h e  
l o g i c a l  s e q u e n c e  o f  s t e p s .  T h i s  v i e w  i s  s h a r e d  by 
W h i t e  ( 5 0 )  who,  more r e c e n t l y  ( 1 2 )  has  d ra w n  
a t t e n t i o n  t o  ” a s u b s t a n t i a l  body  o f  r e s e a r c h  w h i c h  
shows  t h a t  i n t e l l e c t u a l  s k i l l s  ( i . e .  c o n c e p t s  and
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p r i n c i p l e s )  a r e  l e a r n e d  h i e r a r c h i c a l l y  • • • •  l e a r n i n g  
h i e r a r c h i e s  a r e  p o w e r f u l  t o o l s  w h i c h  t e a c h e r s  can  
e m p lo y  f o r  a c h i e v e m e n t  o f  i n t e l l e c t u a l  s k i l l s " .  ( i n  
e a r l i e r  a r t i c l e s ,  W h i t e  ( 5 1 )  had c r i t i c i s e d  G a g n e ’ s 
w o r k  on l e a r n i n g  h i e r a r c h i e s  on m e t h o d o l o g i c a l  
g r o u n d s  and had p r o p o s e d  ( 5 2 )  more  e x a c t i n g  v a l i d a t i o n  
t e c h n i q u e s . )
H a l l  ( 5 3 )  sh o w s ,  by means o f  a d i a g r a m ,  how G a g n e ’ s 
i d e a s  have  d i r e c t l y  i n f l u e n c e d  t h e  S c h o o l s  C o u n c i l  
I n t e g r a t e d  S c i e n c e  P r o j e c t  ( S . C . I . S . P . )
R e c a l l
R e c a l l
R e c a l l
R e c a l l
R e c a l l
R e c a l l
R e c a l l
R e c a l l
U n d e r s t a n d i n g
c o n c e p t
U n d e r s t a n d i n g  
o f  c o n c e p t
U n d e r s t a n d i n g
U n d e r s t a n d i n g  
o f  p a t t e r n
c o n c e p t
U n d e r s t a n d  
o f  p a t t e r n
P r o b l e m
s o l v i n g
U n d e r s t a n d i n g  
o f  c o n c e p t
A l e a r n i n g  h i e r a r c h y  i s  m e a n i n g f u l  t o  a p e r s o n  who has  
a l r e a d y  m a s t e r e d  t h e  l e a r n i n g ,  and w i l l  a l m o s t  a l w a y s  
r e f l e c t  t h e  l o g i c a l  s t r u c t u r e  i n h e r e n t  i n  t h e  c o n t e n t  
o f  t h e  m a t e r i a l .  H o w e v e r ,  t h e  e m p i r i c a l  v a l i d a t i o n  
o f  a p r o p o s e d  h i e r a r c h y  ( 3 , 5 1 , 5 4 )  can  c a u s e  p r o b l e m s  
s i n c e  " t h e  f a c t s ,  c o n c e p t s  and p r i n c i p l e s  t h e  l e a r n e r
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u s e s  f o r  s u b s u m p t i o n  may n o t  be t h o s e  o b t a i n e d  by a 
l o g i c a l  t a s k  a n a l y s i s  u n d e r t a k e n  by someone who h as  
a l r e a d y  m a s t e r e d  t h e  l e a r n i n g "  ( 4 3 )
A i r a s i a n  ( 5 4 ,  5 5 )  has  p r o p o s e d  ’ o r d e r i n g  t h e o r y * as 
a m e tho d  o f  v a l i d a t i n g  l e a r n i n g  h i e r a r c h i e s ,  t o  a l l o u j  
f o r  a l t e r n a t i v e  s e q u e n c e s .
P r e p a r i n g  a l e a r n i n g  h i e r a r c h y  i s  r e l a t i v e l y  s t r a i g h t ­
f o r w a r d .  The  t a s k  a n a l y s i s  i n v o l v e d  i n  p r e p a r i n g  a 
l e a r n i n g  h i e r a r c h y  can  be o f  v a l u e  t o  t h e  t e a c h e r ,  
s i n c e  i t  makes e x p l i c i t  t h e  i n t e r - r e l a t i o n s h i p s  
b e t w e e n  t h e  s u b o r d i n a t e  c o n c e p t s  and p r i n c i p l e s .
The  c o m p l e t e d  h i e r a r c h y  can  be used  as a c h e c k - l i s t  
t o  e n s u r e  t h a t ,  i n  t e a c h i n g  t h e  c o n c e p t  o r  p r i n c i p l e ,  
no e s s e n t i a l  s t e p s  i n  t h e  s e q u e n c e  a r e  o m i t t e d .
T h i s , . we b e l i e v e ,  i s  w h a t  Rae e t  a l  ( 3 )  had i n  m in d  
when t h e y  re com m ended  t h e  c o n s t r u c t i o n  and use  o f  
l e a r n i n g  h i e r a r c h i e s  i n  t h e  t e a c h i n g  o f  p h y s i c s .
A l l  t h e  l e a r n i n g  t h e o r i e s  we have  d e s c r i b e d  have  
s t r e s s e d ,  t o  a g r e a t e r  o r  l e s s e r  e x t e n t ,  t h r e e  
i m p o r t a n t  f e a t u r e s  o f  t h e  l e a r n i n g  p r o c e s s .
( 1)  The  c o n t e n t  s t r u c t u r e  o f  t h e  m a t e r i a l
Gagne has  e m p h a s i s e d  t h e  h i e r a r c h i c a l  o r d e r i n g  
o f  c o n c e p t s  and p r i n c i p l e s ,  B r u n e r  has  e m p h a s i s e d  
t h e  s t r u c t u r e  o f  k n o w l e d g e  and L o v e l l  and S h a y e r  
ha ve  r e l a t e d  d i f f i c u l t y  l e v e l  t o  P i a g e t ’ s 
d e v e l o p m e n t a l  s t a g e s  o f  l e a r n i n g .
( 2 )  The  c o g n i t i v e  a b i l i t y  o f  t h e  l e a r n e r
Gagne and A u s u b e l  h ave  b o t h  e m p h a s is e d  t h e  
i m p o r t a n c e  o f  p r i o r  k n o w l e d g e  i n  p r o v i d i n g  
f u r t h e r  l e a r n i n g .  B r u n e r  and A u s u b e l  h ave  
i n t e r p r e t e d  l e a r n i n g  as t h e  c o n t i n u a l  
m o d i f i c a t i o n  and r e s t r u c t u r i n g  o f  t h e  l e a r n e r ’ s 
c o g n i t i v e  s t r u c t u r e ,  B r u n e r  and P i a g e t  h ave  
s t r e s s e d  t h e  d e v e l o p m e n t a l  l e v e l s  o f  c o g n i t i v e  
a b i l i t y .
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( 3 )  The l e a r n i n g  e x p e r i e n c e
A l l  t h e  t h e o r i e s  h ave  e m p h a s i s e d  t h e  i m p o r t a n c e  
o f  c o r r e c t  s e q u e n c i n g .  A u s u b e l  and Gagne have  
f a v o u r e d  an e x p o s i t o r y  t e a c h i n g  s t y l e ,  w h i l e  
B r u n e r  has  o p t e d  f o r  d i s c o v e r y  l e a r n i n g .  A l l  
o f  th e m  h a v e  s t r e s s e d  t h e  need f o r  t h e  l e a r n e r  t o  
be a c t i v e l y  i n v o l v e d  i n  t h e  l e a r n i n g  p r o c e s s ,  
t o  be m o t i v a t e d ,  and t o  r e c e i v e  r e i n f o r c e m e n t  
i n  t h e  f o r m  o f  k n o w l e d g e  o f  r e s u l t s .
I n  a s e n s e ,  we a r e  b a ck  a t  o u r  o r i g i n a l  l i s t  o f  g e n e r a l l y  
a g r e e d  p o i n t s ,  g i v e n  on page  19.
The  r o t e  l e a r n i n g  o f  c o n c e p t s  and p r i n c i p l e s  i n  s c i e n c e  
i s  n o t  uncommon.  To rem e dy  t h i s  s i t u a t i o n  and e n c o u r a g e  
m o re  m e a n i n g f u l  l e a r n i n g ,  we r e q u i r e  t o  a c h i e v e  a b e t t e r  
m a tc h  b e t w e e n  t h e  m a t e r i a l  t o  be l e a r n e d  and c o g n i t i v e  
a b i l i t i e s  o f  t h e  l e a r n e r s .  T h i s  may be a p p r o a c h e d  f r o m  
t h r e e  s e p a r a t e  d i r e c t i o n s :
( 1 )  The m a t e r i a l  t o  be l e a r n e d
liie s h o u l d  c o n s i d e r  t h e  m a t e r i a l  t o  be l e a r n e d  
f r o m  t h e  v i e w p o i n t  o f  t h e  l e a r n e r  a nd ,  by t h e  
use  o f  e x p o s i t o r y  and c o m p a r a t i v e  ’ o r g a n i s e r s ' ,  
t r y  t o  make t h e  m a t e r i a l  as p o t e n t i a l l y  
m e a n i n g f u l  as p o s s i b l e .  L e a r n i n g  h i e r a r c h i e s  
w i l l  h e l p  us  t o  a p p r e c i a t e  t h e  d e t a i l e d  s t r u c t u r e  
o f  t h e  m a t e r i a l  and w i l l  h i g h l i g h t  r e l a t i o n s h i p s  
b e t w e e n  c o n c e p t s .  T h e y  w i l l  n o t ,  i n  g e n e r a l ,  
p r e s c r i b e  t h e  o p t im u m  t e a c h i n g  s e q u e n c e .
( 2 )  The  t e a c h i n g  m e th o d
I n  t e a c h i n g  t h e  m a t e r i a l ,  we s h o u l d  e n d e a v o u r  
t o  r e l a t e  new m a t e r i a l  t o  e x i s t i n g  k n o w l e d g e  and 
make use  o f  a l l  p o s s i b l e  m e th o d s  ( e . g .  c o n c e p t  
d e f i n i t i o n ,  s y n o n y m s ,  v e r b a l  c u e s  t o  r e l e v a n t  
a t t r i b u t e s ,  s e n t e n c e s  u s i n g  c o n c e p t  names and 
many i n s t a n c e s  and n o n - i n s t a n c e s  o f  t h e  
c o n c e p t  ( I 0 ) . ) t o  f a c i l i t a t e  c o n c e p t  a t t a i n m e n t .
The  t e a c h i n g  s e q u e n c e  may be c r i t i c a l ,  as may
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be t h e  use  o f  f r e q u e n t  q u e s t i o n s .  G i v i n g  
t h e  l e a r n e r  a m p le  o p p o r t u n i t y  t o  use  t h e  c o n c e p t  
o r  a p p l y  t h e  p r i n c i p l e  i n  a w id e  v a r i e t y  o f  
s i t u a t i o n s  s h o u l d  h e l p ,  as s h o u l d  e n c o u r a g i n g  
t h e  l e a r n e r  t o  e v a l u a t e  t h e  a d e q u a c y  o f  h i s  own 
c o n c e p t s .
W h i t e  ( 1 2 )  g i v e s  some good  p r a c t i c a l  s u g g e s t i o n s  
r e g a r d i n g  t e a c h i n g  m e th o d ,  i n c l u d i n g  l e s s o n  
s t r u c t u r e ,  q u e s t i o n i n g ,  and u s i n g  d i f f e r e n t  
l e v e l s  o f  d e f i n i t i o n .  He i s  c r i t i c a l  o f  
f o r m a l i s e d  l a b o r a t o r y  w o rk  and o v e r - u s e  o f  
d e m o n s t r a t i o n  e x p e r i m e n t s .
( 3 )  The  l e a r n e r
D i a g n o s t i c  ! r e a d i n e s s T t e s t s  s h o u l d  be d e v i s e d  
t o  c h e c k  on t h e  l e a r n e r ' s  p r i o r  k n o w l e d g e  and t o  
i d e n t i f y  m i s c o n c e p t i o n s  o r  A l t e r n a t i v e  f r a m e w o r k s '  
( 3 8 )  w h i c h  can  i n t e r f e r e  w i t h  s u b s e q u e n t  l e a r n i n g .  
Where n e c e s s a r y ,  a p p r o p r i a t e  r e m e d i a l  t e a c h i n g  
s h o u l d  be g i v e n .  ' C o g n i t i v e  a c c e l e r a t i o n '  ( 4 l )  
s h o u l d  be e n c o u r a g e d .
Of t h e  l e a r n i n g  t h e o r i e s  c o n s i d e r e d ,  t h e  m os t  u s e f u l  
t h e o r y  f o r  d e s c r i b i n g  t h e  l e a r n i n g  o f  c o m p le x  v e r b a l  
m a t e r i a l  w o u l d  a p p e a r  t o  be t h a t  o f  A u s u b e l ,  a l t h o u g h  
G a g n e ' s  i d e a s  a r e  a l s o  u s e f u l .
( c )  M a p p in g  c o g n i t i v e  s t r u c t u r e
" C o g n i t i v e  s t r u c t u r e  i s  a h y p o t h e t i c a l  c o n s t r u c t  
r e f e r r i n g  t o  t h e  o r g a n i s a t i o n  ( r e l a t i o n s h i p s )  o f  
c o n c e p t s  i n  m e m o ry "  ( 2 0 ) .  M e a n i n g f u l  l e a r n i n g ,  
a c c o r d i n g  t o  A u s u b e l ,  i n v o l v e s  t h e  r e l a t i n g  o f  new 
k n o w l e d g e  t o  e x i s t i n g  c o n c e p t s  i n  t h e  l e a r n e r ' s  
c o g n i t i v e  s t r u c t u r e .  T h i s  s u g g e s t s  t h a t  i t  w o u ld  
be u s e f u l  t o  be a b l e  t o  'm a p '  t h e  l e a r n e r ' s  c o g n i t i v e
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s t r u c t u r e .  lile now c o n s i d e r  how t h i s  m i g h t  be 
a c c o m p l i s h e d .
P r e e c e  ( 1 8 )  makes an i m p o r t a n t  p o i n t  t h a t  ,ri n  m a p p in g  
c o g n i t i v e  s t r u c t u r e ,  t h e  a im  i s  t o  o b t a i n  s t r u c t u r a l  
i n f o r m a t i o n  a b o u t  t h e  i n t e r n a l  r e p r e s e n t a t i o n  o f  
c o n c e p t s .  The  c o n c e r n  i s  w i t h  t h e  s e c o n d - o r d e r  
s t r u c t u r e  i n v o l v i n g  t h e  r e l a t i o n s  among c o n c e p t s  . . .  
r a t h e r  t h a n  t h e  f i r s t - o r d e r  s t r u c t u r e  w i t h i n  ( c o n c e p t s ) ”  
I n  o t h e r  w o r d s ,  i t  i s  t h e  r e l a t i o n s h i p s  b e t w e e n  t h e  
c o n c e p t s  t h a t  a r e  e x a m i n e d ,  n o t  t h e  c o n c e p t s  t h e m s e l v e s .  
T h i s  c o u l d  be a l i m i t a t i o n  o f  t h e  m e th o d ,  i f  we a r e  
p a r t i c u l a r l y  i n t e r e s t e d  i n  t h e  u n d e r s t a n d i n g  o f  
i n d i v i d u a l  c o n c e p t s .
V a r i o u s  t e c h n i q u e s  ( 2 0 ,  57 )  e x i s t  f o r  m a p p in g  
c o g n i t i v e  s t r u c t u r e ,  b u t  t h e y  a l l  s t a r t  f r o m  w o rd  
a s s o c i a t i o n  t e s t s ,  u s i n g  ! c o n c e p t  l a b e l s ’ ( e . g .  
f o r c e , momentum, w o r k ) as s t i m u l u s  w o r d s .  I t  i s  
c l a i m e d  t h a t ,  i n  s t u d i e s  i n v o l v i n g  s c i e n t i f i c  c o n c e p t s ,  
t h e  w o rd  a s s o c i a t i o n  t e c h n i q u e  has  a d v a n t a g e s  o v e r  t h e  
p r o b l e m - s o l v i n g  a p p r o a c h .
I n  t h e  c o n t i n u e d  w o rd  a s s o c i a t i o n  t e s t ,  i n  w h i c h  t h e  
s u b j e c t  p r o v i d e s  a num ber  o f  a s s o c i a t i o n s  t o  t h e  
s t i m u l u s  w o r d ,  t h e  d e g r e e  o f  o v e r l a p  i n  r e s p o n s e  
h i e r a r c h i e s  i s  a m e a s u r e  o f  t h e  ’ s e m a n t i c  p r o x i m i t y ’ 
o f  t h e  s t i m u l u s  w o r d s .  G a r s k o f  and H o u s t o n ’ s 
( 5 6 )  r e l a t e d n e s s  c o e f f i c i e n t ,  w h i c h  a l l o w s  a 
d i f f e r e n t i a l  w e i g h t i n g  o f  a s s o c i a t i o n s  i n  o r d e r  t o  
r e f l e c t  t h e  g r e a t e r  i m p o r t a n c e  a t t a c h e d  t o  e a r l i e r  
r e s p o n s e s ,  i s  a w i d e l y  used  m e a su re  o f  o v e r l a p .
P r e e c e  ( 1 8 )  r e p o r t s  t h a t  ’’ t h e  m os t  w e l l - d e v e l o p e d  
t h e o r i e s  o f  s e m a n t i c  ( l o n g - t e r m )  memory i n v o l v e  
g r a p h i c  o r  n e t w o r k  m o d e l s  i n  w h i c h  t h e  nodes  
r e p r e s e n t  c o n c e p t s  and t h e  l i n k s  b e tw e e n  node s
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r e p r e s e n t  c o n c e p t u a l  r e l a t i o n s ” .
Mos t  r e s e a r c h  on t h e  o r g a n i s a t i o n  o f  s c i e n t i f i c  c o n c e p t s  
i n  l o n g - t e r m  memory has  been  c o n f i n e d  t o  c o n c e p t s  i n  
m e c h a n i c s  ( 5 9 - 6 4 ) .  T h i s  i s  p e r h a p s  a c o n s e q u e n c e  o f  
t h e  f a c t s  t h a t  t h e  num ber  o f  c o n c e p t s  i n  m e c h a n i c s  
i s  l i m i t e d  a n d ,  more  i m p o r t a n t l y ,  t h a t  t h e r e  i s  a 
v e r y  w e l l - d e f i n e d  c o n t e n t  s t r u c t u r e  i n  m e c h a n i c s ,  
and e ach  c o n c e p t  may be d e f i n e d  i n  t e r m s  o f  t h r e e  
b a s i c  c o n c e p t s ,  m a s s , d i s t a n c e  and t i m e .  T h i s  i s  
i l l u s t r a t e d  i n  t h e  d i g r a p h  m o d e l  o f  t h e  s e t  o f  m e c h a n i c s  
used  i n  a s t u d y  by P r e e c e  ( 6 0 ) .
w e i g h t ,  f o r c e
a c c e l e r a t i o n w o r k ,  e n e r g y
p r e s s u r e
p o w e r
v e l o c i t y ,  speed
DISTANCEd e n s i t y a r e a
v o lu m e
J o h n s t o n  e t  a l  ( 6 1 ) ,  u s i n g  p h y s i c s  s t u d e n t s  as s u b j e c t s ,  
f o u n d  t h a t  a t h r e e - d i m e n s i o n a l  m o d e l  b e s t  d e s c r i b e d  
t h e i r  c o g n i t i v e  s t r u c t u r e  f o r  t h e  c o n c e p t s  o f  p o w e r ,  
w o r k ,  f o r c e ,  momentum, a c c e l e r a t i o n  and v e l o c i t y .
S h a v e l s o n  ( 5 9 ) ,  u s i n g  h i g h  s c h o o l  s t u d e n t s  as s u b j e c t s  
f o u n d  f o u r  m a in  c l u s t e r s  o f  c o n c e p t s .  C l u s t e r  1 
i n c l u d e d  t h e  c o n c e p t s  f o r c e , w o r k , p o w e r  a n d , e n e r g y ; 
c l u s t e r  2 i n c l u d e d  mass and w e i g h t : c l u s t e r  3 i n c l u d e d  
d i s t a n c e  and t i m e  and c l u s t e r  4 i n c l u d e d  v e l o c i t y , 
sp e e d  and a c c e l e r a t i o n . He c o n c l u d e d  t h a t  d u r i n g
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i n s t r u c t i o n  t h e  s t u d e n t s 1 c o g n i t i v e  s t r u c t u r e  ch a n g e d
c o n s i d e r a b l y .  ’’ The  c o g n i t i v e  s t r u c t u r e  o f  t h e  
i n s t r u c t i o n  s u b j e c t s  c o r r e s p o n d e d  more  c l o s e l y  t o  t h e  
c o n t e n t  s t r u c t u r e  a t  t h e  end o f  i n s t r u c t i o n  t h a n  a t  t h e  
b e g i n n i n g ;  no s i m i l a r  c h a n g e  was o b s e r v e d  i n  t h e  
c o n t r o l  g r o u p .
P r e e c e  ( 6 0 )  r e p o r t s  t h a t ,  f o r  p h y s i c s  s t u d e n t s  c o v e r i n g  
t h e  w h o l e  p e r i o d  i n  w h i c h  p h y s i c s  i s  t a u g h t  a t  s c h o o l  
and u n i v e r s i t y ,  he has  o b t a i n e d  s p a t i a l  maps o f  
m e c h a n i c s  c o g n i t i v e  s t r u c t u r e .  ’’The  maps o f  a l l  
t h e  g r o u p s  w e re  d o m i n a t e d  by t h r e e  c o n c e p t  g r o u p i n g s  -  
a k i n e m a t i c s  c l u s t e r  ( e . g .  v e l o c i t y , d i s t a n c e , t i m e ) . 
a s t a t i c s  c l u s t e r  ( e . g .  w e i g h t , m a s s , d e n s i t y ) and an 
e n e r g y  c l u s t e r  ( e . g .  e n e r g y , p o w e r ) • • • •  F o r  t h e  mos t  
k n o w l e d g e a b l e  g r o u p s ,  t h e  c o n c e p t  f o r c e  t o o k  up a 
c e n t r a l  p o s i t i o n  b e t w e e n  t h e  e n e r g y  and s t a t i c s  c l u s t e r s . ”
J o h n s t o n  e t  a l  ( 6 5 ) ,  u s i n g  u n i v e r s i t y  p h y s i c s  s t u d e n t s  
as s u b j e c t s ,  showed t h a t  t h e  f o l l o w i n g  h i e r a r c h i c a l  m o d e l ,  
i n  w h i c h  t h e  c o n c e p t s  MASS, DISTANCE and TIME f o r m e d  t h e  
b a s e  f r o m  w h i c h  t h e  h i e r a r c h y  was c o n s t r u c t e d ,  was a 
good  r e p r e s e n t a t i o n  o f  t h e  s t u d e n t s ’ c o g n i t i v e  s t r u c t u r e .
Power
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P r e e c e  ( 6 0 )  a l s o  has  n o t e d  t h a t  " t h e  c o g n i t i v e  
s t r u c t u r e s  o f  t h e  m os t  k n o w l e d g e a b l e  g r o u p s  w e re  
p a r t i c u l a r l y  w e l l  r e p r e s e n t e d  by t h e  h i e r a r c h i c a l  
m o d e l ,  and t h i s  u n d e r l i n e s  t h e  p s y c h o l o g i c a l  ( a s  
d i s t i n c t  f r o m  l o g i c a l )  i m p o r t a n c e  o f  G a g n e ’ s l e a r n i n g  
h i e r a r c h i e s ” •
M o s t  m o d e rn  p h y s i c s  t e x t b o o k s  use  t h e  S . I .  s y s t e m  
o f  u n i t s ,  i n  w h i c h  t h e  b a s i c  u n i t s ,  f o r  m e c h a n i c s  
a t  l e a s t ,  a r e  mass ( k g ) ,  l e n g t h  (m) and t i m e  ( s ) .
F o r  y o u n g e r  c h i l d r e n ,  t h e s e  a r e  n o t  ’ o s t e n s i v e ’ 
c o n c e p t s .  R o b e r t s o n  and R i c h a r d s o n  ( 4 2 )  h ave  shown 
t h a t  t i m e  i s  n o t  a f i r s t - o r d e r  c o n c e p t .  ’’ T im e  i s  
more  re m o v e d  f r o m  r e a l i t y  t h a n  s p e e d ” . P r e e c e  ( 6 0 )  
has  commented  t h a t  ’’ f o r  t h e  l e a s t  k n o w l e d g e a b l e  
g r o u p s ,  t h e  m o d e ls  b a s e d  on t h e  d e n s i t y  -  d i s t a n c e  -  
v e l o c i t y  t r i a d  g a v e  a b e t t e r  f i t  t o  t h e  d a t a "
I t  w o u ld  a p p e a r ,  f r o m  t h e s e  r e s u l t s ,  t h a t ,  as p u p i l s  
s t u d y  m e c h a n i c s ,  t h e i r  c o g n i t i v e  s t r u c t u r e  a p p r o x i m a t  
more  and more  t o  t h e  l o g i c a l  c o n t e n t  s t r u c t u r e ,  b a se d  
on t h e  t h r e e  f u n d a m e n t a l  c o n c e p t s  o f  m a s s , l e n g t h  
and t i m e . M o r e o v e r ,  " t h e  c o g n i t i v e  s t r u c t u r e  o f  
m e c h a n i c s  f o r  t h o s e  k n o w l e d g e a b l e  i n  p h y s i c s  i s  
q u i t e  s i m i l a r  t o  t h e  o r g a n i s a t i o n  o f  c o n c e p t s  i n  a 
l e a r n i n g  h i e r a r c h y "  ( 6 0 )  T h u s  t h e r e  may w e l l  be
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some d i r e c t  b e n e f i t  t o  be g a i n e d  by g i v i n g  p u p i l s  
t h e  l o g i c a l  c o n t e n t  s t r u c t u r e  i n  t h e  f o r m  o f  a 
l e a r n i n g  h i e r a r c h y ,  i n  t h e  se n s e  t h a t  i t  may p r o v i d e  
t h e  n e c e s s a r y  f r a m e w o r k  t o  p r o m o te  m e a n i n g f u l  l e a r n i n g *  
O b v i o u s l y  t h i s  w o u ld  n o t  f u n c t i o n  as an ’ a d v a n c e  
o r g a n i s e r ’ b u t  one  c o u l d  e n v i s a g e  t h e  c o n t e n t  s t r u c t u r e  
b e i n g  g r a d u a l l y  b u i l t  up as a h i e r a r c h y  as each  new 
c o n c e p t  i s  i n t r o d u c e d *
We h a v e  some r e s e r v a t i o n s  a b o u t  t h e  v a l u e  o f  w o rd  
a s s o c i a t i o n  t e s t s .  They  o n l y  s a m p le  ’ v e r b a l  l e a r n i n g ’ 
and c o n c e n t r a t e  on t h e  f o r m a l  ’ d e f i n i t i o n s ’ o f  t h e  
c o n c e p t s .  C o n c e p t u a l  u n d e r s t a n d i n g  i n v o l v e s  
d i s c r i m i n a t i o n  as w e l l  as a s s o c i a t i o n .  I t  a l s o  
i n v o l v e s  b e i n g  a b l e  t o  use  t h e  c o n c e p t  o r  p r i n c i p l e  
i n  p r o b l e m  s o l v i n g .
S u t t o n  ( 1 9 )  makes t h e  v e r y  o b v i o u s  p o i n t  t h a t  
’’ w o rd  a s s o c i a t i o n  t e s t s  have  been u sed  p r i n c i p a l l y  
i n  r e l a t i o n  t o  t h e  s t a t i c  a s p e c t s  o f  ’ t h e  l i b r a r y ’ -  
o r g a n i s a t i o n  o f  i n f o r m a t i o n  i n  l o n g  t e r m  memory .
I t  i s  u n l i k e l y  t o  r e v e a l  t h e  d y n a m ic  a s p e c t s  o f  
m e n t a l  o r g a n i s a t i o n .  To d i s c u s s  t h e s e ,  some 
o b s e r v a t i o n  o f  t h e  p e r s o n  i n  t h e  a c t  o f  p r o b l e m  
s o l v i n g  seems n e c e s s a r y  . . .  To d e s c r i b e  t h e s e  on 
p a p e r  w o u l d  p e r h a p s  r e q u i r e  a f l o w  c h a r t ,  o r  s o m e t h i n g  
n e a r e r  t o  a c o m p u t e r  p r o g r a m ”
S u t t o n  a l s o  d i s c u s s e s  o t h e r  t e c h n i q u e s  w h i c h  have  
bee n  used  i n  a t t e m p t s  t o  p r o b e  t h e  l e a r n e r ’ s 
c o g n i t i v e  s t r u c t u r e .  T h e s e  a r e  t h e  c l i n i c a l  
i n t e r v i e w ,  t h e  s e l e c t i o n  o f  a p r e f e r r e d  s t a t e m e n t  
f r o m  s e v e r a l  c o r r e c t  ones  ( i . e .  t h e  i d e a  o f  
’ c o g n i t i v e  p r e f e r e n c e ’ ) ,  and t h e  r a t i n g  o f  a c o n c e p t  
i n  t e r m s  o f  i t s  p o s i t i o n  on some s o r t  o f  c o n t i n u u m  
( i . e .  t h e  i d e a  o f  ’ s e m a n t i c  d i f f e r e n t i a l ’ )
M o re  d e t a i l e d  d e s c r i p t i o n s  o f  c o g n i t i v e - p r e f e r e n c e  
t e s t i n g  a r e  g i v e n  by J u n g w i r t h  ( 5 6 , 6 7 ) ,  T a m i r  ( 6 8 )  
and \l an den B e r g ,  L u n e t t a  and T a m i r  ( 6 9 ) .  I n  b r i e f ,  
t h e  t e c h n i q u e  assumes t h a t  t h e  l e a r n e r  may use  one
o f  f o u r  modes o f  ’ c o g n i t i v e  p r e f e r e n c e ’ when 
p r o c e s s i n g  s c i e n t i f i c  i n f o r m a t i o n .  He may a c c e p t  
i t  f o r  i t s  own sa k e  ( i . e .  r e c a l l  mode) o r  b e c a u s e  
i t  e x p l a i n s  some s c i e n t i f i c  p r i n c i p l e  ( i . e .  p r i n c i p l e s  
mode) o r  i n  v i e w  o f  i t s  u s e f u l n e s s  i n  a more  g e n e r a l  
c o n t e x t  ( i . e .  a p p l i c a t i o n  mode) o r  he may c r i t i c a l l y  
q u e s t i o n  t h e  i n f o r m a t i o n  ( i . e .  q u e s t i o n i n g  m o d e ) .
T h e  l a t t e r  modes o f  r e s p o n d i n g ,  i t  i s  c l a i m e d ,  w o u ld  
i n d i c a t e  a more c o m p le x  c o g n i t i v e  s t r u c t u r e  a n d ,  
as t h e  l e a r n e r ’ s g r a s p  o f  t h e  c o n c e p t  i m p r o v e s ,  we 
w o u l d  e x p e c t  h i s  p r e f e r r e d  mode o f  r e s p o n d i n g  t o  move 
away f r o m  t h e  r e c a l l  mode t o w a r d s  t h e  q u e s t i o n i n g  mode.
I n f o r m a t i o n  o v e r l o a d
liih y , d e s p i t e  t e a c h i n g ,  can  t h e  l e a r n e r  n o t  g r a s p  a c o n c e p t  
W i l s o n  ( 7 0 )  has  s u g g e s t e d  t h e  f o l l o w i n g  p o s s i b l e  r e a s o n s .
( i )  He i s  b e i n g  w r o n g l y  t a u g h t  ( e . g .  t h e  t e a c h e r  i s  
n o t  p r o c e e d i n g  s l o w l y  enough  f r o m  t h e  known t o  
t h e  u nkn o w n ,  i s  n o t  g i v i n g  enough  e x a m p le s  e t c . )
( i i )  He l a c k s  t h e  n e c e s s a r y  ’ p r i o r  k n o w l e d g e ’
( i i i )  The c o n c e p t  i s  g o v e r n e d  by so many r u l e s  t h a t  he 
c a n n o t  ke e p  them  a l l  i n  m in d  a t  o n c e .  By t h e  
t i m e  t h e  t e a c h e r  i s  e x p l a i n i n g  t h e  l a s t  he has  
f o r g o t t e n  t h e  f i r s t .
( i v )  T h e r e  i s  a s e n s e  i n  w h i c h  he r e s i s t s  l e a r n i n g  
( a n  ’ e m o t i o n a l  b l o c k ’ ? )
( v )  T h e r e  i s  s o m e t h i n g  d e f i c i e n t  i n  h i s  b r a i n .
( v i )  He c a n n o t  o r  w i l l  n o t  c o n c e n t r a t e  s u f f i c i e n t l y  
t o  l e a r n .
We w a n t ,  i n  t h i s  s e c t i o n ,  t o  c o n s i d e r  p a r t i c u l a r l y  
W i l s o n ’ s p o i n t  ( i i i ) .  We s t a r t  by c o n s i d e r i n g  













" T h e  i n f o r m a t i o n  p r o c e s s i n g  m o d e l  can  be d i v i d e d  i n t o  tw o  
g e n e r a l  c o m p o n e n t s :  p e r c e p t i o n  and memory . . . .  The
memory c o m p o n e n t  i s  c l o s e l y  r e l a t e d  t o  o u r  d e f i n i t i o n  
o f  c o g n i t i v e  s t r u c t u r e  . . .  Memory can  be c h a r a c t e r i s e d
by f o u r  s u b c o m p o n e n ts  • • • •  s h o r t - t e r m  memory i s  a 
s m a l l  c a p a c i t y  memory w h i c h  s e r v e s  as a b u f f e r  b e tw e e n  
b o t h  w o r k i n g  memory • • • •  and l o n o - t e r m  memory -  
an u n l i m i t e d  c a p a c i t y ,  h i g h l y  o r g a n i s e d ,  p e r m a n e n t  
i n f o r m a t i o n  s t o r e .  The r e t r i e v a l  and d e c i s i o n  
p r o c e s s  p e r m i t  us t o  s e a r c h  and r e t r i e v e  i n f o r m a t i o n . "
I n f o r m a t i o n  i s  s t o r e d  i n  l o n g - t e r m  m emory ,  a c c o r d i n g  
t o  W h i t e  ( 1 2 ) ,  as v e r b a l  k n o w l e d g e  ( f a c t s ) ,  
i n t e l l e c t u a l  s k i l l s  ( c o n c e p t s ,  and p r i n c i p l e s )  and 
i m a o e s . S h a v e l s o n  ( 2 0 )  d e s c r i b e s  i t  as " a n  
e x t r e m e l y  c o m p le x  n e t w o r k "  i n  w h i c h  modes r e p r e s e n t  
c o n c e p t s  and t h e  l i n k s  b e tw e e n  n odes  r e p r e s e n t  
r e l a t i o n s h i p s  b e tw e e n  c o n c e p t s .  The l e a r n e r ' s  
c o g n i t i v e  s t r u c t u r e  i s  assumed t o  be l o c a t e d  i n  
l o n g - t e r m  memory .
W o r k i n g  memory ,  as t h e  name s u g g e s t s ,  i s  i m p o r t a n t  
i n  p r o b l e m  s o l v i n g  b e h a v i o u r .  The p r o b l e m  i s  
o b s e r v e d  and t r a n s l a t e d  and p a s s e d  t o  t h e  w o r k i n g  
m e m ory .  L o n g - t e r m  memory i s  t h e n  s e a r c h e d  f o r  
r e l e v a n t  r e l a t i o n s h i p s  t o  m o d i f y  t h e  s t r u c t u r e  i n  
t h e  w o r k i n g  memory and so a r r i v e  a t  t h e  s o l u t i o n  
t o  t h e  p r o b l e m .  I n  c o m p u t e r  t e r m s ,  w o r k i n g  memory 
i s  t h e  ’ c e n t r a l  p r o c e s s i n g  u n i t '  ( C . P . U . )
I n  t h e  same way,  s h o r t  t e r m  memory i s  t h e  ’ i n p u t  b u f f e r  
f i l e ’ w i t h  a v e r y  l i m i t e d  s t o r a g e  c a p a c i t y  ( 7 - 2  
s e p a r a t e  b i t s  o f  i n f o r m a t i o n )  (--71). The c a p a c i t y  o f  
w o r k i n g  memory i s  more  t h a n  t h i s ,  b u t  n o t  much m o r e .  
Long t e r m  memory h as  l i m i t l e s s  c a p a c i t y  and w o u ld  be 
a n a l o g o u s ,  i n  c o m p u t e r  t e r m s ,  t o  t h e  ’ f l o p p y  d i s c ’ .
The p r o b l e m  a r i s e s  when,  as d e s c r i b e d  a b o v e ,  t h e  number 
o f  s e p a r a t e  b i t s  o f  i n f o r m a t i o n  o v e r l o a d s  t h e  c a p a c i t y  
o f  t h e  s h o r t  t e r m  memory b u f f e r ,  and some i s  l o s t ,  
t h e  l e a r n e r  h as  ’ f o r g o t t e n ’ t h e  b e g i n n i n g .
The  rem ed y  l i e s  i n  ’ c h u n k i n g ’ ( 7 2 )  t h e  i n f o r m a t i o n .  
J o h n s t o n e  ( 7 3 )  d e f i n e s  a ’ c h u n k ’ as ” w h a t  t h e  
o b s e r v e r  p e r c e i v e s  as a u n i t ,  f o r  i n s t a n c e  a w o r d ,  
a l e t t e r  o r  a d i g i t . ”  To t a k e  a s i m p l e  e x a m p le  
a t e l e p h o n e  number ( 0 4 1 - 3 3 9 - 8 8 5 5 )  i s  much more 
e a s i l y  p r o c e s s e d  as t h r e e  ’ c h u n k s ’ r a t h e r  t h a n  t e n  
s e p a r a t e  d i g i t s .
J o h n s t o n e  ( 7 4 )  s u g g e s t s  t h a t  t h e r e  i s  a f u n d a m e n t a l  
c o n n e c t i o n  b e tw e e n  i n f o r m a t i o n  c o n t e n t ,  t h e  s t a t e  o f  
c o n c e p t u a l  d e v e l o p m e n t  and t h e  p e r c e i v e d  l e v e l  o f  
d i f f i c u l t y .  T h i s  ca n  be summed up as f o l l o w s .
”  ( l )  The number o f  u n i t s  r e p r e s e n t e d  by t h e
i n f o r m a t i o n  w i l l  dep end  upon t h e  c o n c e p t u a l  
u n d e r s t a n d i n g  i . e .  i f  you  u n d e r s t a n d  
s o m e t h i n g ,  you  ca n  g r o u p  p i e c e s  i n t o  
c h u n k s  more  e f f i c i e n t l y
( 2 )  The  l a r g e r  t h e  number o f  c h u n k s , t h e
more  d i f f i c u l t  t h e  m a t e r i a l  w i l l  seem t o  be 
and t h e  p o o r e r  w i l l  be t h e  r e s u l t s .
( 3 )  I f  t h e  c h u n k  c a p a c i t y  i s  e x c e e d e d ,  tw o
p o s s i b l e  r e s u l t s  w i l l  a p p e a r
( i )  t h e  p u p i l  w i l l  e x t r a c t  no u s e f u l  
i n f o r m a t i o n  i f  he t a c k l e s  i t  as a 
w h o l e ,  o r
( i i )  i f  ,he  has  some memory s a v i n g  
s t r a t e g y , w h i c h  a l l c w s  f c r  
s e g u e n t i a l  t r e a t m e n t , he may 
s u c c e e d •
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. C o n c e p tu a l  u n d e r  s t a n d i  no l e a d s  t o  an
e f  f i c i e n t  ( s m a l l  number o f  c h u n k s )  o r g a n i s e d
( s e q u e n c e d )  and c o n v e r o i n o  s t r a t e g y  ”  ( 7 4 )
The  i m p l i c a t i o n s  f o r  t h e  t e a c h i n g  s i t u a t i o n  a r e  c l e a r .
( 1 )  Uhen i n t r o d u c i n g  a c o n c e p t  o r  w h i l e  i t  i s  s t i l l  
d e v e l o p i n g ,  t h e  i n f o r m a t i o n  c o n t e n t  s h o u l d  be 
k e p t  lo w ,
( 2 )  R e d u n d a n t ,  i r r e l e v a n t  i n f o r m a t i o n  s h o u l d  be k e p t  
w e l l  o u t  t h e  way d u r i n g  t h e  d e v e l o p m e n t  o f  a 
c o n c e p t .  The l e a r n e r  may w e l l  assume t h e  
i r r e l e v a n t  i n f o r m a t i o n  i s  e s s e n t i a l .
( 3 )  I n  c a s e s  w h e re  t h e  i n f o r m a t i o n  c o n t e n t  i s  
n e c e s s a r i l y  h i g h ,  due  t o  t h e  n a t u r e  o f  t h e  m a t e r i a l ,  
t h e n  e i t h e r  p o s t p o n e  t h e  i n t r o d u c t i o n  as l o n g  as 
p o s s i b l e  o r  p r o v i d e  some ’ r u l e  o f  t h u m b ’ t o
p e r m i t  t h e  m a t e r i a l  t o  be c h u n k e d .
I n f o r m a t i o n  c o n t e n t  i n c l u d e s  u n f a m i l i a r  w o r d s ,  
p i e c e s  o f  a p p a r a t u s ,  m a t h e m a t i c a l  c a l c u l a t i o n s  
and t h e  l i k e  w h i c h  may be v e r y  f a m i l i a r  t o  t h e  
t e a c h e r .  To q u o t e  j u s t  one e x a m p le  -  t h e  
t i c k e r - t i m e r  was i n t r o d u c e d  as a s im p le  p i e c e  o f  
p u p i l  a p p a r a t u s  t o  e n a b l e  e x p e r i m e n t s  on N e w t o n ’ s 
l a w s  o f  m o t i o n  t o  be p e r f o r m e d  by p u p i l s .  
U n f o r t u n a t e l y  e x p e r i e n c e  has  shown t h a t  p u p i l s  
h a v e  v e r y  g r e a t  d i f f i c u l t y  i n  a n a l y s i n g  t h e  
r e s u l t i n g  t i c k e r  t a p e .  Many s c h o o l s  h ave  now 
a d o p t e d  t h e  more  e x p e n s i v e ,  b u t  more  e a s i l y  r e a d  
d i g i t a l  e l e c t r i c  s t o p c l o c k s .  The  l a t e s t  v e r s i o n  
o f  t h e s e  u s e s  ’ m i c r o - c h i p ’ t e c h n o l o g y  t o  d i s p l a y  
v e l o c i t y  a n d / o r  a c c e l e r a t i o n  d i r e c t l y  as w e l l  as 
e l a p s e d  t i m e  ( 7 5 ) .
( e )  Some f u r t h e r  r e l e v a n t  r e s e a r c h
I n  t h i s  f i n a l  s e c t i o n ,  we r e p o r t  on some r e s e a r c h  
f i n d i n g s  w h i c h  may n o t  r e l a t e  d i r e c t l y  t o  c o n c e p t  
l e a r n i n g ,  b u t ,  i n  o u r  o p i n i o n ,  may be v e r y  r e l e v a n t
when i t  comes t o  i n t e r p r e t i n g  r e s u l t s ,  o r  t o  d e v i s i n g  
new ways  o f  a s s e s s i n g  c o n c e p t u a l  u n d e r s t a n d i n g .
liie came a c r o s s  s e v e r a l  r e f e r e n c e s  t o  s t u d i e s  o f  p u p i l s 1 
m i s c o n c e p t i o n s  i n  s c i e n c e .  F o r  e x a m p le  D o ra n  ( 7 6 )  
s t u d i e d  common m i s c o n c e p t i o n s  r e l a t e d  t o  t h e  k i n e t i c  
t h e o r y  by 7—12 y e a r  o l d  p u p i l s .  Z a ’ t o u r  ( 7 7 )  s t u d i e d  
m i s c o n c e p t i o n s  i n  a r e a s  o f  p h y s i c s ,  e a r t h  s c i e n c e ,  
c h e m i s t r y  and b i o l o g y  among u n i v e r s i t y  s t u d e n t s  i n  
L e b a n o n .
V i e n n o t  ( 7 8 )  r e p o r t s  t h a t  t h e  i d e a s  o f  ’ i n t u i t i v e  
p h y s i c s ’ , h o w e v e r  w ro n g  t h e y  may b e ,  r e s i s t  a t t e m p t s  
t o  c h a n g e  o r  m o d i f y  t h e m .  ’’ S p o n t a n e o u s  r e a s o n i n g  i s  
h i g h l y  r o b u s t  and o u t l i v e s  t e a c h i n g  w h i c h  c o n t r a d i c t s  
i t ”
L e b o u t - B a r r e l l  ( 7 ) ,  i n  a s t u d y  o f  h i g h  s c h o o l  and 
u n i v e r s i t y  s t u d e n t s ,  f o u n d  m i s c o n c e p t i o n s  ( o r  
’ p r e c o n c e p t i o n s ’ ) r e l a t e d  t o  f o r c e  and ' m o t i o n  w h i c h  
r e m a i n e d  a f t e r  f o r m a l  t e a c h i n g .  ’’ The c h i l d ’ s 
com m on ly  h e l d  d i c t u m  i s  t h a t  a body  f a l l s  when i t s  
mass -  and c o n s e q u e n t l y  i t s  w e i g h t  -  i s  g r e a t e r .
The  i n t r o d u c t i o n  o f  t h e  c o n c e p t s  mass and w e i g h t
has  c h a n g e d  n e i t h e r  t h e  r e a s o n i n g  n o r  t h e  c o n c l u s i o n ” .
The p r o b l e m  a p p e a r s  t o  be t h a t  t h e  p u p i l s  h ave  been  
g i v e n  t h e  f o r m a l  m o d e l s  o r  t h e o r i e s  b u t  have  
a s s i m i l a t e d  them  w r o n g l y .  I n  A u s u b e l ’ s t e r m s ,  t h e y  
ha v e  f a i l e d  t o  r e l a t e ,  i n  a m e a n i n g f u l  way ,  t h e  new 
k n o w l e d g e  t o  t h e i r  e x i s t i n g  k n o w l e d g e .  T h e i r  e x i s t i n g  
p r e c o n c e p t i o n s  a r e  i n t e r f e r i n g  w i t h  t h e  a s s i m i l a t i o n  
o f  t h e  new k n o w l e d g e .
D r i v e r  and E a s l e y  ( 3 8 )  have  s u g g e s t e d  t h e  t e r m  
’ a l t e r n a t i v e  f r a m e w o r k s ’ f o r  t h e  p u p i l ’ s own s e l f -  
c o n s i s t e n t . c o n c e p t u a l  s t r u c t u r e s  w h i c h  a r e  d i s t i n c t  
f r o m  ’ m i s c o n c e p t i o n s ’ b u t  may d i f f e r  f r o m  t h e  f o r m a l
s c i e n t i f i c  e x p l a n a t i o n s .  E n t w i s t l e  and H u g g i n s  ( 7 9 )  
have  r e p o r t e d  t h a t ,  when tw o  c l o s e l y  r e l a t e d  c o n c e p t s  
a r e  t a u g h t  t o g e t h e r ,  t h e  p u p i l s  l e a r n  l e s s  a b o u t  
e i t h e r  c o n c e p t  t h a n  t h e y  w o u ld  i f  t h e  c o n c e p t s  w e re  
p r e s e n t e d  s e p a r a t e l y  o r  a l o n g s i d e  some u n r e l a t e d  
c o n c e p t .  The c l o s e  a s s o c i a t i o n  b e tw e e n  t h e  c o n c e p t s  
a p p e a r s  t o  i n t e r f e r e  w i t h  t h e  m e a n i n g f u l  l e a r n i n g .
L a r k i n  and R e i f  ( 8 0 )  h ave  i n v e s t i g a t e d  t h e  p r o b l e m  
s o l v i n g  a b i l i t y  o f  u n i v e r s i t y  s t u d e n t s .  They  
recommend t h a t  s t u d e n t s  s h o u l d  be t a u g h t  t o  
( a )  i n t e g r a t e  s e p a r a t e  p r i n c i p l e s  i n t o  a g e n e r a l  
c o h e r e n t  m e th o d  s u i t a b l e  f o r  many d i v e r s e  p r o b l e m s  
and ( b )  t o  a p p r o a c h  t h e  p r o b l e m  h i e r a r c h i c a l l y  by 
a p r o c e s s  o f  s u c c e s s i v e  r e f i n e m e n t s .
W h i t a k e r  ( 8 1 )  a r g u e s  t h a t ,  w i t h  N e w t o n i a n  m e c h a n i c s  
p r o b l e m s ,  g r e a t e r  s t r e s s  s h o u l d  be l a i d  on t h e  b a s i c  
c o n c e p t s  and l e s s  on an e m p i r i c a l  p r o b l e m  s o l v i n g  
t e c h n i q u e .
liie n o t e d  r e f e r e n c e s  t o  a t e a c h i n g  m e th o d  c a l l e d  
s t r u c t u r a l  c o m m u n i c a t i o n  ( 8 2 , 8 3 , 8 4 ) .  T h i s  a p p e a r s  
t o  h a v e  g r e a t  p o t e n t i a l  b o t h  as a d i a g n o s t i c  m e th o d  
o f  i d e n t i f y i n g  and c o r r e c t i n g  common c o n c e p t u a l  e r r o r s  
a n d ,  more  i m p o r t a n t l y ,  o f  b r i n g i n g  o u t  t h e  s t r u c t u r e  
o f  t h e  l e a r n i n g  m a t e r i a l s .  I t  has  been  d e s c r i b e d  as 
’ an i n t e r a c t i v e  s y s t e m  f o r  t e a c h i n g  u n d e r s t a n d i n g ’ .
The  a u t h o r s  c l a i m  t h a t  by e m p h a s i s i n g  s t r u c t u r e ,  t h e y  
ca n  t r a n s m i t  an u n d e r s t a n d i n g  o f  t h e  r e l a t i o n s h i p s  
b e t w e e n  f a c t s  as w e l l  as a k n o w l e d g e  o f  t h e  f a c t s  
t h e m s e l v e s .  W h i t e  ( 1 2 )  has  d e s c r i b e d  t h e  t e c h n i q u e ;
and comments  t h a t  ’’ w h e re  v e r b a l  k n o w le d g e  i s  t o  be 
a c q u i r e d ,  i t  i s  a p o w e r f u l  m e tho d  • • • • •  T h e r e  s h o u l d  
be l i t t l e  d i f f i c u l t y  i n  a d a p t i n g  i t  t o  i n t e l l e c t u a l  
s k i l l s ”  We w i l l  d e s c r i b e  l a t e r  how we u sed  t h i s  
t e c h n i q u e ,  a t  l e a s t  i n  p a r t ,  i n  o u r  i n v e s t i g a t i o n .
47
As our own investigation into conceptual understanding 
progressed, we became more and more conscious of the 
need to have some effective, diagnostic measure of the 
pupil's conceptual understanding. This, we considered, 
should be criterion-referenced rather than norm-referenced 
and we obtained a great deal of useful information from 
Brown's (85) review of criterion-referenced assessment.
We will make more detailed reference to this source 
in a later chapter.
CHAPTER 3 ^  THE TEACHER QUESTIONNAIRE
I n t r o d u c t i o n
I n  c h a p t e r  1 ,  we d e s c r i b e d  how t h e  t o p i c  f o r  t h e  p r e s e n t  
r e s e a r c h  i n v e s t i g a t i o n  a r o s e  as a d i r e c t  c o n s e q u e n c e  o f  
a p r e l i m i n a r y  s t u d y  o f  c o n c e p t s  o f  p h y s i c s ,  c a r r i e d  o u t  
by . J o h n s t o n e  and M u g h o l  ( 1 ) i n  1 9 7 4 - 7 6 ,  I n  t h i s ,  
and t h e  f o l l o w i n g  c h a p t e r ,  we w i l l  d e s c r i b e  and d i s c u s s  
t h e  r e s u l t s  o b t a i n e d  f r o m  tw o  s e p a r a t e  b u t  r e l a t e d  
p i e c e s  o f  e x p l o r a t o r y  r e s e a r c h  we c a r r i e d  o u t  d u r i n g  
1 9 7 7 - 7 8 ,  as a n e c e s s a r y  p r e a m b l e  t o  t h e  m a in  
i n v e s t i g a t i o n ,  w h i c h  d i d  n o t  s t a r t  u n t i l  e a r l y  1 9 7 9 .
The  p r e v i o u s  r e s e a r c h  had i n d i c a t e d  t h a t  " a  number o f  
c o n c e p t s  t r a d i t i o n a l l y  i n t r o d u c e d  i n t o  e l e m e n t a r y  p h y s i c s  
c o u r s e s  a r e  p r o v i n g  t r o u b l e s o m e ”  ( 1 )  I t  w i l l  be 
r e c a l l e d  t h a t  t h e  a r e a  o f  m e c h a n i c s ,  i n v o l v i n g  i n  
p a r t i c u l a r  s u c h  c o n c e p t s  as momentum, c o n s e r v a t i o n ,  
e l a s t i c  and i n e l a s t i c  c o l l i s i o n s ,  e n e r g y  and p o w e r ,  
seemed t o  be a g e n e r a l  a r e a  o f  d i f f i c u l t y ,  and i t  was 
t h e r e f o r e  d e c i d e d  t o  i n v e s t i g a t e  t h i s  a r e a  i n  more  
d e t a i l .  S i n c e  we had some p e r s o n a l  r e s e r v a t i o n s  
a b o u t  c e r t a i n  p o i n t s  o f  d e t a i l  i n  t h e  p r e v i o u s  
r e s e a r c h  s t u d y ,  we t h o u g h t  i t  p e r t i n e n t  t o  c a r r y  o u t  
a p r e l i m i n a r y  g e n e r a l  i n v e s t i g a t i o n  o f  t h e  a r e a  b e f o r e  
e m b a r k i n g  on t h e  d e t a i l e d  s t u d y  o f  t h e  s p e c i f i c  c o n c e p t s  
i n v o l v e d .
□ u r  p r e l i m i n a r y  i n v e s t i g a t i o n  i n v o l v e d  t h e  c o l l e c t i o n  
and a n a l y s i s  o f  e m p i r i c a l  d a t a  f r o m  tw o  s e p a r a t e  s o u r c e s :
( a )  By means o f  a d e t a i l e d  q u e s t i o n n a i r e ,  we s a m p le d  
t h e  o p i n i o n s  o f  e x p e r i e n c e d  t e a c h e r s  o f  p h y s i c s  
as t o  w h a t  s p e c i f i c  c o n c e p t s  and p r i n c i p l e s  w e re  
e s s e n t i a l  t o  t h e  u n d e r s t a n d i n g  o f  m e c h a n i c s .
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( b )  By means o f  tw o  s p e c i a l l y  c o n s t r u c t e d  m u l t i p l e — 
c h o i c e  t e s t s ,  u /h ic h  s a m p led  t h e  v a r i o u s  t y p e s  
o f  p r o b l e m  t h e  p u p i l  m i g h t  e n c o u n t e r  i n  a s t u d y  
o f  m e c h a n i c s ,  we i n v e s t i g a t e d  t h e  p u p i l s ’ a b i l i t y  
t o  s o l v e  s u c h  p r o b l e m s .
The  p r e s e n t  c h a p t e r  w i l l  d e s c r i b e  t h e  i n f o r m a t i o n  we 
o b t a i n e d  f r o m  t h e  t e a c h e r  q u e s t i o n n a i r e .  The  d a t a  
o b t a i n e d  f r o m  t h e  p u p i l  t e s t s  w i l l  be d e s c r i b e d  i n  
C h a p t e r  4 .
A c l o s e r  l o o k  a t  some p o i n t s  o f  d e t a i l  f r o m  t h e  
p r e v i o u s  s t u d y
li/e do n o t  d i s p u t e  t h e  v a l i d i t y  o f  t h e  f i n d i n g s  r e p o r t e d  
by J o h n s t o n e  and M u g h o l .  We have  some r e s e r v a t i o n s ,  
h o w e v e r ,  a b o u t  some p o i n t s  o f  d e t a i l .  We w e re  a 
l i t t l e  c o n c e r n e d ,  f o r  e x a m p le ,  t h a t  more t h a n  h a l f  o f  
t h e  t o p i c s ,  w h i c h  a p p e a r e d  on t h e  l i s t  o f  t o p i c s  used  i n  
t h e  s u b j e c t i v e  a s s e s s m e n t  o f  d i f f i c u l t y ,  r e q u i r e d  t h e  
p r o v i s i o n  o f  some e x p l a n a t o r y  w o r d i n g .  F o r  e x a m p le :
1 .  P a r t i c u l a t e  n a t u r e  o f  m a t t e r  ( e v e r y t h i n g  i s  made up 
o f  p a r t i c l e s )
5 .  I d e a  o f  u n i f o r m  m o t i o n  (b o d y  can  m a i n t a i n  u n i f o r m
m o t i o n  w i t h o u t  some u n b a l a n c e d  f o r c e  t o  ke e p  i t  m o v i n g )
2 0 .  I d e a  o f  i n d u c t i o n :  ( i )  e l e c t r i c  ( e . g .  c h a r g i n g  an
e l e c t r o s c o p e  by i n d u c t i o n ) ,  ( i i )  m a g n e t i c  ( p r o d u c t i o n  
o f  t e m p o r a r y  m a g n e t s ) ,  ( i i i )  e l e c t r o m a g n e t i c  
( p r o d u c t i o n  o f  a c u r r e n t  i n  a c i r c u i t  when ch a n g e  
i n  m a g n e t i c  f l u x )
We w o n d e r e d  w h a t  e f f e c t  t h e s e  e x p l a n a t o r y  p h r a s e s  had had 
on t h e  ’ i n d e x  o f  d i f f i c u l t y ’ w h i c h  t h e  a u t h o r s  u s e d  as 
an e s t i m a t e  o f  t h e  p e r c e i v e d  d i f f i c u l t y  o f  a t o p i c .
More  i m p o r t a n t l y ,  we w o n d e re d  why such  e x p l a n a t o r y  
p h r a s e s  had been  p r o v i d e d  i n  some, b u t  n o t  a l l ,  t h e  
t o p i c s  on t h e  l i s t ,  and on w h a t  b a s i s  i t  was d e c i d e d  
t h a t  s u c h  p h r a s e s  w e re  r e q u i r e d ,  f o r  e x a m p le ,  t o  h e l p  
e x p l a i n  ’ u n i f o r m  m o t i o n ’ , b u t  w e re  n o t  r e q u i r e d  t o  h e l p  
e x p l a i n  ’ p r e s s u r e ’ . A l s o ,  as i n  t h e  ca s e  o f  t o p i c  ( 2 0 )
q u o t e d  a b o v e ,  d oes  t h e  p r o v i s i o n  o f  t h e  e x p l a n a t o r y  
p h r a s e s  n o t  make i t  i n d u c t i o n  s u b j e c t i v e l y  more 
d i f f i c u l t ,  by ’ s p e l l i n g  o u t  t h e  d e t a i l s ’ . We c o u l d  
e n v i s a g e  t h e  p u p i l  t h i n k i n g  he ’ u n d e r s t o o d ’ i n d u c t i o n ,  
f o r  e x a m p l e ,  u n t i l  he saui e x a c t l y  w h a t  such  an u n d e r ­
s t a n d i n g  was c o n s i d e r e d  t o  i n v o l v e .
Such c o m m e n ts ,  o f  c o u r s e ,  do n o t  i n v a l i d a t e  t h e  o v e r a l l  
o b s e r v e d  p a t t e r n  o f  r e s u l t s  s i n c e  t h e y  w o u ld  a p p l y  t o  a l l  
t h r e e  g r o u p s  t e s t e d .  We h a ve  l i t t l e  d o u b t  t h a t  t h e r e  
w o u l d  s t i l l  be common p e a k s  o f  d i f f i c u l t y ,  b u t  p e r h a p s  
t h e s e  p e a k s  w o u ld  n o t  be so e x t r e m e  i n  e i t h e r  d i r e c t i o n .  
We w o u l d  a n t i c i p a t e  t h a t  t h e  t h r e e  g r a p h s  w o u ld  s t i l l  
show a m a rke d  s i m i l a r i t y  and w o u ld  s t i l l  show t h e  same 
g e n e r a l  t r e n d  i n  t h a t  t h e  ’ u n i v e r s i t y  l i n e ’ w o u ld  l i e  
b e l o w  t h e  ’ f i f t h - y e a r  l i n e ’ , w h i c h  i n  t u r n  w o u ld  l i e  
b e l o w  t h e  ’ f o u r t h - y e a r  l i n e ’ , as shown i n  F i g u r e  1 on 
p a g e  2 .
Our c o n c e r n  a b o u t  t h e  w o r d i n g  o f  t h e  ’ t o p i c s ’ on t h e  
o r i g i n a l  l i s t  became more s p e c i f i c  when we l o o k e d  a t  
t h e  ’ i n d e x  o f  d i f f i c u l t y ’ f o r  t h e  t o p i c s  w h i c h  
r e l a t e d  t o  m e c h a n i c s .  T h e s e  t o p i c s ,  t o g e t h e r  w i t h  
t h e  r e s u l t s  f o r  t h e  s u b j e c t i v e  a s s e s s m e n t  o f  t h e  t h r e e  
t r i a l  g r o u p s ,  a r e  g i v e n  i n  T a b l e  1 .
Table 1 L is t o f  topics and results fo r  subjective assessment
Concepts and topics Index o f difficulty expressed as a percentage 1st year Post-O- Pre-O-
university grade grade
(4) Difference between a vector (e.g. displacement) and a scalar (e.g. 
distance)
(5) Idea o f uniform motion (body can maintain uniform motion with­
out some unbalanced force to keep it moving)
(7 ) Id ea o f conservation o f momentum
(8) Difference between elastic and inelastic collisions
(9) Difference between energy and power 








We f o u n d  t h e  r e s u l t s  o b t a i n e d  f o r  t o p i c s  ( 9 ) a n d  ( 1 0 )  
r a t h e r  p u z z l i n g .  A l t h o u g h  t h e  r e s u l t s  a r e  q u i t e  s e l f -  
c o n s i s t e n t ,  we f i n d  i t  d i f f i c u l t  t o  e x p l a i n  why t h e  
i n d e x  o f  d i f f i c u l t y *  f o r  t o p i c  ( 9 )  i s  so r e l a t i v e l y  
h i g h ,  w h i l e  t h a t  o f  t o p i c  ( 1 0 )  i s  so r e l a t i v e l y  l o w .
T h e s e  r e s u l t s  c o n f l i c t e d  w i t h  o u r  own s u b j e c t i v e
a s s e s s m e n t  o f  t h e  d i f f i c u l t y  o f  t h e s e  t o p i c s ,  ba se d  on
many y e a r s *  e x p e r i e n c e  o f  t e a c h i n g  t h e s e  t o p i c s  i n  
s e c o n d a r y  s c h o o l s .  As s u b s e q u e n t  r e s u l t s  w i l l  show ,  
t h e r e  i s  no s u c h  marked  d i f f e r e n c e  i n  d i f f i c u l t y  l e v e l  
when we c o n s i d e r  t h e  p u p i l s ’ a c t u a l  p e r f o r m a n c e *  The  
o n l y  e x p l a n a t i o n  we can  s u g g e s t  r u n s  as f o l l o w s :
( i )  t h e  p u p i l s  i n t e r p r e t  t h e  s t a t e m e n t  ’ I d e a  o f  
k i n e t i c  and p o t e n t i a l  e n e r g y ’ a t  i t s  l o w e s t  
l e v e l ,  t h a t  i s ,  k i n e t i c  e n e r g y  i s  ’ m o t i o n ’
e n e r g y  and p o t e n t i a l  e n e r g y  i s  ’ s t o r e d ’ e n e r g y .
T h i s  i d e a  t h e y  f i n d  r e l a t i v e l y  e asy  t o  u n d e r s t a n d .
( i i )  t h e  p u p i l s  a r e  more f a m i l i a r  w i t h  t h e  ’ d i f f e r e n c e  
b e t w e e n  w o rk  and p o w e r ’ t h a n  w i t h  t h e  ’ d i f f e r e n c e  
b e t w e e n  e n e r g y  and p o w e r ’ . S i n c e  t h e y  do n o t  
r e l a t e  e n e r g y  t o  p ow er  d i r e c t l y ,  t h e y  f i n d  i t  
r e l a t i v e l y  d i f f i c u l t  t o  u n d e r s t a n d
I t  may be a p p e a r  u n u s u a l  t h a t  we a r e  h e r e  ’ i n v e n t i n g ’ 
p l a u s i b l e  r e a s o n s  t o  e x p l a i n  a s i t u a t i o n  i n  w h i c h  t h e  
o b s e r v e d  r e s u l t s  do n o t  a g r e e  w i t h  w h a t  we t h i n k  t h e y  
s h o u l d  sh ow .  A more ’ s c i e n t i f i c ’ a p p r o a c h  w o u ld  be 
t o  s e t  up an e x p e r i m e n t a l  p r o c e d u r e  t o  t e s t  t h e  
a l t e r n a t i v e  h y p o t h e s i s .  We t h o u g h t  s e r i o u s l y  a b o u t  
t h i s ,  b u t  d e c i d e d  n o t  t o  a t t e m p t  t o  r e p l i c a t e  t h e  
p r e v i o u s  s t u d y ,  s i n c e  we a c c e p t e d  i t s  f i n d i n g s  i n  
g e n e r a l  t e r m s .
We d e c i d e d ,  h o w e v e r ,  t h a t  i t  w o u ld  be u s e f u l  t o  ha ve  
m o re  d a t a  t o  w o rk  w i t h .  We r e c a l l e d  t h a t ,  i n  t h e  
J o h n s t o n e  and M u g h o l  s t u d y ,  t h e  o r i g i n a l  l i s t  o f  t o p i c s  
Was d ra w n  up a f t e r  c o n s u l t a t i o n  w i t h  a g r o u p  o f
s c h o o l  and u n i v e r s i t y  t e a c h e r s .  T h i s  seemed an o b v i o u s  
s o u r c e  o f  e x p e r t  o p i n i o n  w h ic h  we s h o u l d  n o t  d i s r e g a r d .
We t h e r e f o r e  d e c i d e d  t o  i n v o l v e  a g r o u p  o f  e x p e r i e n c e d  
t e a c h e r s  o f  p h y s i c s ,  and o t h e r s  who had moved on f r o m  
t h e  c l a s s r o o m  s i t u a t i o n  t o  p o s i t i o n s  as C o l l e g e  o f  
E d u c a t i o n  l e c t u r e r s  i n  p h y s i c s ,  S c i e n c e  A d v i s e r s  and 
members  o f  Her  M a j e s t y ’ s I n s p e c t b r a t e .  Due t o  t h e  
g e o g r a p h i c a l  d i s t r i b u t i o n  o f  t h e  l a t t e r  g r o u p ,  we d e c i d e d  
t o  u s e  a q u e s t i o n n a i r e  method  t o  c o l l e c t  t h e  d a t a .
B e f o r e  g o i n g  on t o  d e s c r i b e  t h e  q u e s t i o n n a i r e ,  h o w e v e r ,  
we m u s t  p o i n t  o u t  tw o  o t h e r  r e s e r v a t i o n s  we had a b o u t  
d e t a i l s  o f  t h e  p r e v i o u s  i n v e s t i g a t i o n .  The  f i r s t  o f  
t h e s e  r e l a t e s  t o  t h e  m u l t i p l e  c h o i c e  i t e m s  w h i c h  w e re  
u s e d  t o  g e t  an o b j e c t i v e  m easure  o f  t h e  p u p i l s ’ 
d i f f i c u l t i e s .  We d i d  n o t  q u e s t i o n  t h e  b a s i c  m e t h o d ,  
b u t  we t h o u g h t  t h e  i t e m s  w e re  somewhat d i f f e r e n t ,  b o t h  
i n  s t y l e  and c o n t e n t ,  t o  t h e  m u l t i p l e  c h o i c e  i t e m s  
p r o d u c e d  by t h e  S c o t t i s h  C e r t i f i c a t e  o f  E d u c a t i o n  
E x a m i n a t i o n  B o a r d .  We t h e r e f o r e  had some r e s e r v a t i o n s  
a b o u t  t h e  v a l i d i t y  o f  t h e  t e s t  i t e m s  used  i n  t h e  p r e v i o u s '  
i n v e s t i g a t i o n ,  and d e c i d e d  t o  c o l l e c t  more d a t a  u s i n g  
p r e t e s t e d  i t e m s .  ( T h i s  i s  d e s c r i b e d  i n  more  d e t a i l  i n  
c h a p t e r  4 ) .
UJe w e r e  a l s o  a l i t t l e  c o n c e r n e d  a b o u t  some c o n c e p t s  
( e . g .  ’ a c c e l e r a t i o n ’ o r  ’ f o r c e ’ ) w h i c h  d i d  n o t  a p p e a r
on t h e  l i s t  o f  t w e n t y - t h r e e  c o n c e p t s  used i n  t h e  p r e v i o u s  
s t u d y .  W h i l e  we r e a l i s e d  t h a t  t h e  o r i g i n a l  l i s t  c o u l d  
n o t  be e x h a u s t i v e ,  we f e l t  t h a t  some i m p o r t a n t  c o n c e p t s  
had  bee n  o m i t t e d .  A g a in  t h e  o b v i o u s  a ns w e r  m i g h t  ha ve  
b e e n  t o  r e p l i c a t e  i n  some way t h e  p r e v i o u s  s t u d y  w i t h  an 
a u g m e n te d  l i s t  o f  c o n c e p t s .  We d e c i d e d  a g a i n s t  t h i s  as 
an i m m e d i a t e  c o u r s e  o f  a c t i o n  b e c a u s e  t h e r e  was no 
g u a r a n t e e  t h a t  any l i s t  o f  c o n c e p t s  we m i g h t  p r o d u c e  w o u ld  
n e c e s s a r i l y  be more  c o m p l e t e  t h a n  t h e  o r i g i n a l  l i s t .
We d e c i d e d  t o  r e v i e w  t h e  p o s i t i o n  a f t e r  c a r r y i n g  o u t  
t h e  p r o p o s e d  p r e l i m i n a r y  i n v e s t i g a t i o n .
As d e s c r i b e d  a b o v e ,  i t  was d e c i d e d  t o  i n v o l v e  a g r o u p  
o f  p e o p le  who w e re  e x p e r i e n c e d  a t  d i f f e r e n t  l e v e l s  i n  t h e  
t e a c h i n g  o f  p h y s i c s .  At  t h e  l o w e r  end o f  t h e  e x p e r i e n c e  
s c a l e  we had some t e a c h e r s  w i t h  b e tw e e n  tw o  and f i v e  y e a r s ’ 
e x p e r i e n c e  o f  p r e s e n t i n g  p u p i l s  f o r  S . C . E .  0 —G ra d e  and 
H - G r a d e  P h y s i c s .  At  t h e  u p p e r  end o f  t h e  e x p e r i e n c e  
s c a l e  we had t e a c h e r s  w i t h  more t h a n  t w e n t y  y e a r s  o f  
p r a c t i c a l  e x p e r i e n c e .  The g r o u p  i n c l u d e d  f i f t e e n  
p r a c t i s i n g  t e a c h e r s  and t e n  o t h e r s ,  i n c l u d i n g  t h e  
P r i n c i p a l  E x a m in e r  i n  P h y s i c s ,  t h e  C h a i r m a n  o f  t h e  S c o t t i s h  
C e n t r a l  S u b - C o m m i t t e e  i n  P h y s i c s ,  t h e  C h a i r m a n  o f  t h e  
S c o t t i s h  C e r t i f i c a t e ,  o f  E d u c a t i o n  P h y s i c s  P a n e l ,  and 
t h e  a u t h o r  o f  t h e  most  w i d e l y  used  p h y s i c s  t e x t  book  i n  
S c o t t i s h  s c h o o l s ,  A m a j o r i t y  o f  t h e  t o t a l  g r o u p  had 
r e c e n t  e x p e r i e n c e  o f  m a r k i n g  S . C . E .  e x a m i n a t i o n  s c r i p t s  
a t  b o t h  0 - G r a d e  and H - G r a d e ;  a t  l e a s t  tw o  o f  t h e  g r o u p  
had  r e c e n t  e x p e r i e n c e  o f  s e t t i n g  t h e  S . C . E .  H -G ra d e  
P a p e r  I I  i n  P h y s i c s ,  w h i l e  o t h e r s  r e g u l a r l y  c o n t r i b u t e d  
i t e m s  f o r  t h e  S . C . E .  m u l t i p l e - c h o i c e  p a p e r .
B e c a u s e  o f  t h e  w id e  g e o g r a p h i c  d i s t r i b u t i o n  o f  t h e  g r o u p ,  
i t  was d e c i d e d  t o  use  a q u e s t i o n n a i r e  m e tho d  o f  c o l l e c t i n g  
t h e  d a t a .  As i t  t u r n e d  o u t ,  t h e  d e s i g n  o f  t h i s  
q u e s t i o n n i a r e  was n o t  i d e a l  and ,  o f  t h e  o r i g i n a l  32 
q u e s t i o n n a i r e s  s e n t  o u t ,  o n l y  25 c o m p l e t e d  q u e s t i o n n a i r e s  
w e r e  r e t u r n e d ,  t h o u g h  tw o  o f  t h e  o r i g i n a l  g r o u p  w r o t e  t o  
e x p l a i n  why t h e y  c o u l d  n o t  c o m p l e t e  t h e  q u e s t i o n n a i r e .
Many o t h e r s  a n n o t a t e d  t h e  q u e s t i o n n a i r e  p r o f o r m a  w i t h  
e x p l a n a t o r y  n o t e s  t o  i n d i c a t e  how t h e y  had i n t e r p r e t e d  
t h e  m a t e r i a l *  T h i s  p r o v i d e d  v e r y  u s e f u l  i n f o r m a t i o n - ,  w h i c h  
i n  m o s t  c a s e s  o v e r c a m e  t h e  more o b v i o u s  d e f i c i e n c e s  o f  
t h e  o r i g i n a l  q u e s t i o n n a i r e .
The  q u e s t i o n n a i r e ,  w h i c h  i s  r e p r o d u c e d  i n  f u l l  i n  
A p p e n d i x  A. c o n s i s t e d  o f  f i v e  s e p a r a t e  p a r t s .
In g a r t  A, t h e  t e a c h e r s  we re  asked  t o  w r i t e  a f e w  s e n t e n c e s  
t o  e x p l a i n  w h a t ,  i n  t h e i r  o p i n i o n ,  was t h e  i m p o r t a n c e  o f  
t h e  c o n c e p t s  o f  mom entum, k i n e t i c  e n e r g y  and g r a v i t a t i o n a l  
pot e n t i a l  e n e r qV t o  t h e  s t u d y  o f  p h y s i c s  a t  s c h o o l  l e v e l .
T h e y  w e re  i n s t r u c t e d  t o  i g n o r e  t h e  f a c t  t h a t  t h e s e  
c o n c e p t s  a r e  a m a j o r  f e a t u r e  o f  t h e  S . C . E .  0 - G r a d e  and H - G r a d e  
s y l l a b u s e s  i n  t h e  hope t h a t  t h e y  w o u ld  s u g g e s t  r e a s o n s  
o t h e r  t h a n  t h i s  f o r  i n c l u d i n g  t h e s e  c o n c e p t s .
By p l a c i n g  t h i s  s e c t i o n  a t  t h e  b e g i n n i n g  o f  t h e  
q u e s t i o n n a i r e ,  we w e re  t r y i n g  t o  make t h e  t e a c h e r s  
c o n s i d e r  s u c h  b a s i c  q u e s t i o n s  as ’ Why do I  t e a c h  m om en tum ? ’ 
o r  ’ What j u s t i f i c a t i o n  i s  t h e r e  f o r  i n c l u d i n g  t h e s e  
c o n c e p t s  i n  a s c h o o l  p h y s i c s  c o u r s e ? ’ We s u s p e c t e d  
t h a t ,  i n  m os t  c a s e s ,  t h e  c o n c e p t s  a r e  t a u g h t  s i m p l y  
b e c a u s e  t h e y  a p p e a r  i n  t h e  s y l l a b u s .  Few t e a c h e r s  
w o u l d  b o t h e r  t o  j u s t i f y  w h a t  t h e y  t e a c h  on any o t h e r  
g r o u n d s .
I n  p a r t  B, t h e  t e a c h e r s  we re  asked  t o  s e l e c t ,  f r o m  an 
a l p h a b e t i c  l i s t i n g  o f  50 m e c h a n i c s  c o n c e p t s  ( e . g .  
a c c e l e r a t i o n , c o n s e r v a t i o n , i n e l a s t i c  c o l l i s i o n , m a s s . 
p o w e r , t i m e , w o r k ) t h o s e  w h i c h  t h e y  c o a s i d e r e d  w e re  
e s s e n t i a l  t o  a p u p i l ’ s u n d e r s t a n d i n g  o f  momentum, o r  
k i n e t i c  e n e r g y  o r  g r a v i t a t i o n a l  p o t e n t i a l  e n e r g y .
The  o r i g i n a l  50 c o n c e p t s  ( o r  more c o r r e c t l y  ’ c o n c e p t  
l a b e l s ’ ) w e re  t a k e n  f r o m  t h e  p u b l i s h e d  l i s t s  o f  s p e c i f i c  
o b j e c t i v e s  ( 8 6 )  f o r  0 - G r a d e ,  w i t h  a f e w  a d d i t i o n a l  
H - G r a d e  c o n c e p t s  a d d e d .  I t  i s  e x p e c t e d  t h a t  a p u p i l  
s h o u l d  ’ a c q u i r e  t h e  a b i l i t y  t o  use  t h e s e  t e r m s  
c o r r e c t l y  i n  c o n t e x t ’ d u r i n g  h i s  s t u d y  o f  p h y s i c s .
-^■n P a r t  C. t h e  t e a c h e r s  were  a ske d  t o  i n d i c a t e ,  f o r  each  
o f  25 ’ p r o p o s i t i o n s ’ ( e . g .  ’ momentum i s  a v e c t o r  q u a n t i t y ’ , 
’ k i n e t i c  e n e r g y  i s  c o n s e r v e d  i n  e l a s t i c  c o l l i s i o n s ’ ) a t  
w h a t  s t a g e  o f  t h e  p h y s i c s  c o u r s e  t h e y  w o u ld  n o r m a l l y  
i n t r o d u c e  t h e  p r o p o s i t i o n *  They  w e re  f u r t h e r  a s k e d  
t o  s t a t e  t h e  use  t h e y  w o u ld  make o f  p r a c t i c a l  e x p e r i m e n t s  
a n d / o r  n u m e r i c a l  e x a m p le s  t o  d e v e l o p  and c o n s o l i d a t e  t h e i r
p u p i l s ’ u n d e r s t a n d i n g  o f  t h e  p r o p o s i t i o n .  Once a g a i n ,  
as i n  p a r t  B, t h e  o r i g i n a l  s o u r c e  o f  t h e  m a t e r i a l  u sed  
i n  p a r t  C i s  t h e  p u b l i s h e d  l i s t s  o f  s p e c i f i c  o b j e c t i v e s  ( 8 6 )  
( F o r  r e f e r e n c e ,  t h e  s p e c i f i c  o b j e c t i v e s  f o r  N e w t o n i a n  
M e c h a n i c s  a r e  r e p r o d u c e d  i n  f u l l  i n  A p p e n d i x  B . )
I n  p a r t  D, t h e  t e a c h e r s  w e re  g i v e n  a l i s t  o f  25 s u g g e s t e d  
d i f f i c u l t i e s  t h a t  p u p i l s  m i g h t  e x p e r i e n c e  i n  t r y i n g  t o  
u n d e r s t a n d  t h e s e  c o n c e p t s .  They  w e re  a s k e d  t o  i n d i c a t e  
t h e  e x t e n t  o f  t h e i r  a g r e e m e n t  o r  d i s a g r e e m e n t  w i t h  t h e  
g i v e n  s t a t e m e n t s ,
•^n p a r t  E, t h e  t e a c h e r s  w e re  a ske d  t o  p r o v i d e  some 
s t a t i s t i c a l  i n f o r m a t i o n  a b o u t  t h e m s e l v e s ,  t h e i r  s c h o o l  
and t h e i r  p u p i l s .
The  r e s u l t s  o f  t h e  q u e s t i o n n a i r e  a r e  g i v e n  b e l o w  i n  
T a b l e s  2 - 5 .
TABLE 2 -  S e l e c t i o n  o f  comments  f r o m  p a r t  A o f
t h e  q u e s t i o n n a i r e
Momentum
( 1 )  ” The  d e f i n i t i o n  o f  momentum as p = mv i s  n o t  
p a r t i c u l a r l y  i m p o r t a n t  i n  i t s e l f ,  b u t  momentum d oes  
become v e r y  v i t a l  when t h e  c o n s e r v a t i o n  l a w  i s  
d e v e l o p e d .  I t  i s  t h e  a p p l i c a t i o n  o f  t h i s  c o n s e r v a t i o n  
l a w  t o  a w h o le  v a r i e t y  o f  s i t u a t i o n s  -  b o t h  t h e o r e t i c a l -  
e , g ,  i n  d e r i v i n g  t h e  G e n e r a l  Gas E q u a t i o n  and p r a c t i c a l  
e . g .  c o l l i s i o n s  o f  c a r s ,  a s p e c t s  o f  r o a d  s a f e t y  e t c .  -  
w h i c h  makes t h e  s t u d y  o f  momentum i m p o r t a n t .
A l s o  we w o u ld  r e a c h  N e w t o n ’ s 2nd Law v i a  momentum 
i n s t e a d  o f  v i a  a c c e l e r a t i o n .  The c o n c e p t  o f  v e l o c i t y  
i s  much s i m p l e r  t h a n  t h a t  o f  a c c e l e r a t i o n ” .
( 2 )  ” 1 c a n n o t  j u s t i f y  t h e  t e a c h i n g  o f  momentum i n  s c h o o l s ”
( 3 }  ” I n  p h y s i c s ,  momentum i s  one o f  t h e  m os t  f u n d a m e n t a l
c o n c e p t s ,  and t o g e t h e r  w i t h  i t s  c o n s e r v a t i o n  i s  u sed  
i n  s t u d i e s  o f  t h e r m o d y n a m i c s ,  n u c l e a r  p h y s i c s ,  
q u a n tu m  m e c h a n i s  and so o n .  I t s  use g oes  b e y o n d  
p h y s i c s  i n t o  e v e r y d a y  l i f e  -  i n  s p o r t  and s a f e t y  
e d u c a t i o n  i n  p a r t i c u l a r .  Commonly m i s u s e d ,  a b e t t e r
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u n d e r s t a n d i n g  s h o u l d  come t h r o u g h  e m p h a s is  a t  
s c h o o l  l e v e l ” .
( 4 ) " (M o m e n tu m  i s )  o f  f u n d a m e n t a l  i m p o r t a n c e  i n  t h e  
d e v e l o p m e n t  o f  m e c h a n i c s ” .
( 5 )  "' .(Momentum i s )  i m p o r t a n t  t h r o u g h  i t s  a p p l i c a t i o n  
t o  c o n s e r v a t i o n ” .
( 6 )  (Momentum i s )  i m p o r t a n t  b e c a u s e  i t  c o n n e c t e d  t h e
u n b a l a n c e d  f o r c e  and t h e  TIME f o r  w h i c h  i t  i s  a c t i n g ” .
( 7 )  "Momentum s h o u l d  n o t  be i n t r o d u c e d  u n t i l  5 t h  y e a r  a t  
t h e  e a r l i e s t ” . C . S . Y . S .  c a n d i d a t e s  have  shown each  
y e a r  f o r  t h e  p a s t  9 y e a r s  t h a t  t h e y  c o n f u s e  momentum 
and e n e r g y ,  I  b e l i e v e  t h e  c o n f u s i o n  i s  c a u s e d  by 
i n t r o d u c i n g  momentum t o o  s o o n ,  b e f o r e  t h e  c o n c e p t
o f  e n e r g y ,  p a r t i c u l a r l y  o f  c o u r s e  KE, can be p r o p e r l y  
u s e d  by p u p i l s .  Momentum i s  i m p o r t a n t  t o  p h y s i c i s t s ” *
( 8 )  " A s  one  o f  t h e  i m p o r t a n t  ’ i n v a r i a n c e s  ’ i n  P h y s i c s ,
t h e  s u b j e c t  w o u ld  seem a l i t t l e  " e m p t i e r ”  w i t h o u t  i t ” .
K i n e t i c  e n e r o v
( 1 )  " E n e r g y  i s  a b a s i c  c o n c e p t ” .
( 2 )  "A  goo d  u n d e r s t a n d i n g  o f  KE i s  r e q u i r e d  b e f o r e  you  
ca n  p r o g r e s s  t o  g r e a t e r  t h i n g s  i n  p h y s i c s ” .
( 3 )  " I t  r e a d i l y  i d e n t i f i e s  t h a t  a body  has  e n e r g y  u n l i k e  
a c o m p r e s s e d  s p r i n g  w he re  e n e r g y  i s  l a t e n t .  I t  
c o n n e c t s  t h e  u n b a l a n c e d  f o r c e  and t h e  DISTANCE 
t h r o u g h  w h i c h  i t  a c t s ” .
( 4 ) " G i v e n  t h e  m e c h a n i c a l  e n v i r o n m e n t  i n  w h i c h  we d w e l l ,  
i t  i s  n a t u r a l  t h a t  KE s h o u l d  be s t r e s s e d " .
( 5 )  " E n e r g y ,  s t r i c t l y  d e f i n e d ,  i s  e a s i e r  t h a n  momentum 
t o  r e l a t e  t o  common e x p e r i e n c e .  A g a in  an e s s e n t i a l  
c o n c e p t ,  and a g a i n  a b o u t  m o t i o n .  A g a in  i n v o l v e s  a 
c o n s e r v a t i o n  l a w . ”
£.6), " I m p o r t a n t  i n  t h a t  i t  i s  p r o b a b l y  t h e  m os t  e a s i l y  
’g r a s p e d 1 f o r m  o f  e n e r g y ,  and d e e p e r  u n d e r s t a n d i n g  
o f  e n e r g y  i s  b r o u g h t  a b o u t  by i t s  q u a n t i f i c a t i o n .
A g a i n  i t  i s  used  i n  a w id e  r a n g e  Qf  p h y s i c s  s t u d i e s  
and i s  an e s s e n t i a l  i n g r e d i e n t  o f  any p h y s i c s  c o u r s e .
H o re  g e n e r a l l y  a b e t t e r  u n d e r s t a n d i n g  o f  t h e  p h y s i c a l  
e n v i r o n m e n t  can be a c h i e v e d  by s i m p l e  a p p l i c a t i o n  o f  
t h e  c o n c e p t  i n  a w id e  r a n g e  o f  e n e r g y  c h a i n s ,  and as 
s u c h  has  an i m p o r t a n t  p a r t  t o  p l a y  i n  g e n e r a l  e d u c a t i o n "
( 7 )  As e n e r g y  c o n s e r v a t i o n  i s  a u s e f u l  p a r t  o f  p h y s i c s  
(some w o u ld  say  ’ c e n t r a l ’ ) KE must  s t a y .  E = £ mv2 , 
h o w e v e r ,  c o u l d  a p p e a r  o n l y  i n  t h e  H -G r a d e  s y l l a b u s .
( 8 ) M( E n e r g y ) s h o u l d  be i n  a s c h o o l  p h y s i c s  c o u r s e  -  
h as  r e l e v a n c e  t o  many a s p e c t s  o f  t h e  e n v i r o n m e n t *
S3 i s  p e r h a p s  a b i t  e a r l y  t o  i n t r o d u c e  t h e  
q u a n t i t a t i v e  a s p e c t  -  b u t  S4 p u p i l s  can  c o p e .
I  t h i n k ’ ’ ’’ .
( G r a v i t a t i o n a l )  P o t e n t i a l  E n e rg y
( 1 )  Hany r e p l i e s  w e re  o f  t h e  f o r m  ’ Same comments  as f o r  
K . E .  ’
( 2 ) ’’ E s s e n t i a l  a t  b o t h  0 and H - G r a d e .  A g a i n ,  as e n e r g y
c o n s e r v a t i o n  i s  i m p o r t a n t ,  t h i s  must  s t a y .  I t s
v a l u e  as E = mgh i s  a l s o  g r e a t .  F i r s t ,  as an 
P
a p p l i c a t i o n  o f  w o rk  = Fs = mgs = mgh and s e c o n d l y  
as t h e  s i m p l e s t  way o f  s h o w in g  how e n e r g y  t r a n s f e r  
( w o r k  d o n e )  can l e a d  t o  s t o r e d  e n e r g y  w h i c h  i s  
r e a d i l y  r e c o v e r e d ” .
( 3 ) " H e l p f u l  i n  d e s c r i b i n g  e f f e c t s  i n  o t h e r  t y p e s  o f  
f o r c e  f i e l d s " .
( 4 ) f,T h e e x p e n d i t u r e  o f  ( K E . )  e n e r g y  i s  b a s i c a l l y  a g a i n s t  
g r a v i t y  o r  f r i c t i o n  f o r  mos t  o f  t h e  c a s e s  we d e a l  
w i t h  ( i n  l i f e  and i n  t h e  p h y s i c s  l a b . )  C l a r i f y i n g  
o u r  i n t u i t i v e  i d e a s  a b o u t  g r a v i t y  ( i n  e n e r g y
and o t h e r  t e r m s  -  f g ’ e t c . )  i s  an i m p o r t a n t  p a r t  
o f  t h e  p h y s i c s  o f  o u r  w o r l d " .
( 5 ) " T h i s  i s  a more  d i f f i c u l t  ( c o n c e p t )  b e c a u s e  o f  i t s  
r e s t r i c t e d  ” mgh" f i r s t  l e v e l  t r e a t m e n t " .
(B ) To b u i l d  up c o n c e p t s  i n  ’ f i e l d s ’ , t h e  g r a v i t a t i o n a l  
f i e l d  p r o v i d e s  t h e  most  e a s i l y  u n d e r s t o o d  e x a m p l e .  
The  c o n c e p t  has w id e  a p p l i c a t i o n  i n  p h y s i c s ,  
e n g i n e e r i n g  e t c .  S im p le  d i s c u s s i o n  can  g i v e  a 
p i c t u r e  o f  t h e  p l a n e t a r y  s y s te m  and ’ how i t  w o r k s ’
O t h e r  g e n e r a l  comments
( 1 )  ” I n  a l l  o f  t h e s e  c o n c e p t s ,  t h e  g e n e r a l  t e c h n o l o g i c a l
a p p r e c i a t i o n  o f  s o c i e t y  may be e x t e n d e d  t o  p r o v i d e  
a f u l l e r  k n o w le d g e  o f  t h e  p h y s i c a l  w o r l d ” .
( 2 )  ” I t  i s  d i f f i c u l t  t o  i s o l a t e  t h e s e  c o n c e p t s .
S u r e l y  t h e i r  i n t e r d e p e n d e n c e  i s  i m p o r t a n t ” .
( 3 )  ” I t  i s  d i f f i c u l t  t o  a ns w e r  t h i s  w i t h o u t  c o n s i d e r i n g  
why P h y s i c s  s h o u l d  be t a u g h t  a t  a l l !  I  s u s p e c t  
t h a t  a n s w e r s  t o  y o u r  q u e s t i o n s  a r e  bound  t o  
i m p l i c i t l y  r e f l e c t  o u r  v i e w s  on t h i s  q u e s t i o n ” .
( 4 ) ’’ I  w o u ld  hope  t h a t  t h e r e  a r e  s t i l l  p u p i l s  i n  o u r  
s c h o o l s  who can  r e s p o n d  t o ,  and b e n e f i t  f r o m ,  t h e  
c h a l l e n g e  p r e s e n t e d  by su ch  t o p i c s ,  i r r e s p e c t i v e  
o f  t h e i r  a p p e a r a n c e  i n  a s y l l a b u s .
( 5 )  ’’ T h ey  a r e  o f  c o u r s e  i m p o r t a n t .  C e r t a i n l y  i t  w o u ld  
be i m p o s s i b l e  t o  c a r r y  o u t  an a n a l y s i s  o f  m o t i o n  
phenomena  w i t h o u t  e x p r e s s i n g  i t  i n  f o r m s  o f  some o f  
t h e s e  i d e a s .  The p r o b l e m  t o  my m in d  i s  i n  
c o n v i n c i n g  t h e  p u p i l s  t h a t  t h e s e  c o n c e p t s  a r e  
i m p o r t a n t ” .
TABLE 3
R e s u l t s  f o r  P a r t  B
o f t h e  q u e s t i o n n a i r e
HONENTUN
K IN E T IC
ENERGY
u u n u i i  hi  JLUIVML
POTENTIAL
ENERGY





































































1 . A c c e l e r a t i o n 2 15 5 6 15 2 14 9 0
2 . A c t i o n  ( f o r c e ) 15 7 1 9 4 10 14 2 7
3 . A d d i t i o n  o f  v e c t o r s 18 5 1 2 0 21 2 4 17
4 . A v e r a g e  a c c e l e r a t i o n 0 B 16 1 8 14 2 7 , 14
5 . A v e r a g e  spee d 5 11 7 7 9 B 3 B 15
6 . C om ponen t  ( o f  a f o r c e ) 4 4 14 4 4 15 B 9 9
7 . C o n s e r v a t i o n 21 4 0 19 5 0 14 B 3
8 . D i r e c t  c o l l i s i o n 19 5 0 5 8 9 3 2 16
9 . D i s p l a c e m e n t 12 7 4 6 9 8 15 5 4
1 0 . D i s t a n c e 13 6 2 14 7 2 19 2 2
•i—1 
i—
1 E f f i c i e n c y D □ 25 0 4 19 0 3 20
1 2 . E l a s t i c  c o l l i s i o n 20 4 1 7 11 5 2 4 18
1 3 . E n e r g y 4 10 8 21 2 0 22 1 0
1 4 . E n e r g y  i n p u t 3 4 16 8 10 B 10 8 5
1 5 . E n e r g y  o u t p u t 3 4 IB 8 10 B 10 8 . 5
•
CDrH E x t e r n a l  f o r c e
( o n  a s y s t e m )
13 7 3 10 7 B 11 8 3
•
1—
1 F o r c e 19 5 0 14 9 0 22 2 0
1 8 . F r e q u e n c y 2 3 18 1 2 20 0 1 22
1 9 . G r a v i t a t i o n a l  f i e l d  
s t r e n g t h
0 0 23 1 9 13 20 5 0
2 0 . G r a v i t y □ 0 23 1 15 7 25 0 0
2 1 . I m p u l s e 11 9 4 2 5 15 0 2 21
2 2 . I n e l a s t i c  c o l l i s i o n 19 4 1 11 9 4 2 2 18
2 3 . I n e r t i a 11 8 2 6 12 4 4 11 8
2 4 . I n t e r a c t i o n ( o f  b o d i e s ) 19 5 0 B 11 5 4 9 8
2 5 . I n t e r c o n v e r s i o n
( o f  e n e r g y )
5 10 8 22 3 0 21 3 1
60
TABLE 3 c o n t i n u e d .
MOMENTUM







































































•CDOJ J o u l e 3 8 12 20 4 1 17 5 1
2 7 . K i n e t i c  e n e r g y 2 11 9 25 0 0 6 10 6
•CDC\J M a c h in e 0 0 22 2 8 13 '2 7 14
2 9 . Mass 25 0 0 23 2 0 25 0 0
3 0 . Momentum 25 0 0 2 10 11 1 6 16
3 1 . N ewton 7 11 5 13 8 2 18 6 0
3 2 . N e w t o n - s e c o n d 9 10 5 0 7 16 0 2 21
3 3 . O b l i q u e  c o l l i s i o n 13 7 5 3 8 11 0 1 22
3 4 . P o t e n t i a l  e n e r g y 2 6 15 10 12 1 24 1 0
3 5 . Power 0 2 21 3 9 12 0 9 14
3 5 . R e a c t i o n  ( f o r c e ) IB 5 3 3 4 16 7 4 12
3 7 . R e s o l u t i o n  ( o f
v e c t o r s )
12 3 9 3 2 18 3 7 14
3 8 . R e s u l t a n t 12 5 4 3 4 16 3 9 12
3 9 . S c a l a r 13 7 2 11 8 5 11 9 4
4 0 . Speed 23 1 0 19 4 1 6 11 7
4 1 . S y s te m 13 5 4 9 4 7 10 4 9
4 2 . T im e 21 0 3 18 2 2 10 4 9
4 3 . U n b a l a n c e d  f o r c e 10 11 1 10 8 5 14 5 5
4 4 . U n i f o r m  speed 18 2 2 17 4 1 9 6 8
4 5 . U n i f o r m  v e l o c i t y 18 3 2 13 6 4 9 6 8
4 6 . V e c t o r 2 2 3 0 10.. 7 6 13 5 6
4 7 . V e l o c i t y 23 2 '■0 18 4 3 10 6 9
4 8 . li ia t t 0 1 22 2 10 11 3 7 12
•CD W e i g h t 2 6 15 3 10 9 25 0 0
5 0 . Work 1 5 16 17 7 1 23 2
0
TABL.EI 4. -  Key c o n c e p t s ,  i n  o r d e r  o f  p o p u l a r i t y
MOMENTUM KINET IC  ENERGY
GRAVITATIONAL 
POTENTIAL ENERGY
1 . Mass 1 . K i n e t i c  e n e r g y 1 . G r a v i t y
2 . Momentum 2 . Mass 2 . Mass
3 . V e l o c i t y 3. I n t e r c o n v e r s i o n  3 .  
( o f  e n e r g y )
W e i g h t
4 . Speed 4 . C o n s e r v a t i o n 4 . P o t e n t i a l  e n e r g y
5 . V e c t o r 5 . E n e rg y 5 . Work
6 . C o n s e r v a t i o n 6. J o u l e 6 . F o r c e
7 . E l a s t i c  c o l l i s i o n 7. Speed 7 . I n t e r c o n v e r s i o n  
( o f  e n e r g y )
8 . D i r e c t  c o l l i s i o n 8 . V e l o c i t y 8. E n e r g y
9 . F o r c e 9 . Work 9. G r a v i t a t i o n a l
f i e l d  s t r e n g t h
1 0 . I n t e r a c t i o n 10 . T ime 1 0 . Newton
1 1 . I n e l a s t i c  . 
c o l l i s i o n
1 1 . U n i f o r m  speed 1 1 . D i s t a n c e
1 2 . T im e 12 . F o r c e 1 2 . J o u l e
1 3 . A d d i t i o n  o f  
v e c t o r s
13 . D i s t a n c e 1 3 . A c c e l e r a t i o n
1 4 . U n i f o r m  v e l o c i t y 14 . Newto n 1 4 . D i s p l a c e m e n t
1 5 . U n i f o r m  speed 15. P o t e n t i a l
e n e r g y
1 5 . C o n s e r v a t i o n
I B . A c t i o n  ( f o r c e ) 1 6 . U n i f o r m
v e l o c i t y
1 6 . U n b a l a n c e d  f o r c e
1 7 . R e a c t i o n  ( f o r c e ) 1 7 . I n e l a s t i c
c o l l i s i o n
1 7 . S c a l a r
I B . S c a l a r 1 8 . S c a l a r 1 8 . V e c t o r
1 9 . E x t e r n a l  f o r c e  
( o n  a s y s t e m )
19 . U n b a la n c e d
f o r c e
1 9 . A c t i o n  ( f o r c e )
2 0 . O b l i q u e  c o l l i s i o n 20 . A c c e l e r a t i o n 2 0 . E x t e r n a l  f o r c e
2 1 . D i s t a n c e 2 1 . V e c t o r
2 2 . S y s te m .
C\JCNJ E x t e r n a l  f o r c e
2 3 . D i s p l a c e m e n t
2 4 . U n b a l a n c e d  f o r c e
2 5 . I m p u l s e
2 6 . I n e r t i a
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33 33 33 33
cn cn cn cn
ZD ZD ZD ZD
m m m m
m m m m
1 .  P u p i l s  h ave  d i f f i c u l t y  i n  d i s t i n g u i s h ­
i n g  b e t w e e n  s c a l a r s  and v e c t o r s
2 .  P u p i l s  f i n d  t h e  i d e a  o f  c o n s e r v a t i o n  
o f  momentum d i f f i c u l t
3 .  P u p i l s  c a n n o t  d i s t i n g u i s h  b e tw e e n  
e l a s t i c  c o l l i s i o n s  and i n e l a s t i c  
c o l l i s i o n s
2 10 8 2 
2 12 8 0
1 8 11 2
4 . P u p i l s  c o n f u s e  e n e r g y  w i t h  p ow er 5 ID 7 □ 3
5 . I n  n u m e r i c a l  c a l c u l a t i o n s ,  p u p i l s  t r e a t  
momentum as a s c a l a r  q u a n t i t y 4 13 5 0 3
6 . I n  n u m e r i c a l  p r o b l e m s  i n v o l v i n g  
c o l l i s i o n s ,  p u p i l s  t r e a t  a l l  c o l l i s i o n s  
as o n e - d i m e n s i o n a l 5 11 6 0 3
7 . I n  n u m e r i c a l  c a l c u l a t i o n s ,  p u p i l s  a p p l y  
f o r m u l a e  b l i n d l y 3 14 3 1 4
8 . P u p i l s  do n o t  g e t  s u f f i c i e n t  p r a c t i c e  
i n  s o l v i n g  n u m e r i c a l  p r o b l e m s 8 8 5 1 3
9 . P u p i l s  do n o t  h a ve  t h e  n e c e s s a r y  
m a t h e m a t i c a l  s k i l l s  t o  s o l v e  n u m e r i c a l  
p r o b l e m s 8 8 6 0 3
1 0 . To many p u p i l s ,  e n e r g y  i s  j u s t  a name 2 14 6 0 3
1 1 . The c o n c e p t  o f  momentum s h o u l d  be 
i n t r o d u c e d  i n  S3 1 8 8 3 5
1 2 . The  c o n c e p t  o f  e n e r g y  s h o u l d  n o t  be 
i n t r o d u c e d  u n t i l  S3 0 D 16 5 4
1 3 . Th e  c o n c e p t  o f  c o n s e r v a t i o n  s h o u l d  be 
i n t r o d u c e d  i n  SI 5 9 3 3 5
1 4 . P u p i l s  s h o u l d  be g i v e n  more ’ c o n c r e t e *  
e x p e r i e n c e  o f  momentum i n  S I  and S2 0 4 12 5 4
1 5 . P u p i l s  s h o u l d  be g i v e n  more ’ c o n c r e t e 1 





TABLE 5 c o n t i n u e d
1 6 .  P u p i l s  ca n  o n l y  d e v e l o p  t h e  c o n c e p t s  o f  
momentum and e n e r g y  by d o i n g  p r a c t i c a l  
e x p e r i m e n t s
1 7 .  T e a c h e r  d e m o n s t r a t i o n s  a r e  o f  l i t t l e  
v a l u e  i n  d e v e l o p i n g  t h e  p u p i l s ’ 
u n d e r s t a n d i n g  o f  su ch  c o n c e p t s
1 8 .  P u p i l s  t h i n k  t h e y  u n d e r s t a n d  t h e  
c o n c e p t s  o f  -momentum and e n e r g y
1 9 .  The  c o n c e p t s  o f  momentum and e n e r g y  
a r e  j u s t  t o o  d i f f i c u l t  f o r  t h e  a v e r a g e  
0 - G r a d e  p u p i l
2 0 .  Momentum e x p e r i m e n t s  w i t h  t r o l l e y s  and 
f r i c t i o n - c o m p e n s a t e d  r u n w a y s  a r e  
c o m p l e t e l y - d i v o r c e d ’ f r o m  r e a l i t y
2 1 .  P u p i l s  c a n n o t  t r a n s f e r  t h e i r  k n o w l e d g e  
o f  c o l l i s i o n s  b e tw e e n  t r o l l e y s  t o  
’ r e a l - l i f e ’ s i t u a t i o n s
2 2 .  T e a c h e r s  e x p e c t  t o o  much o f  p u p i l s
2 3 .















P u p i l s  h a v e  d i f f i c u l t y  i n  u n d e r ­
s t a n d i n g  why ,  i n  any c o l l i s i o n ,  momentum 
m u s t  be c o n s e r v e d ,  b u t  k i n e t i c  e n e r g y  
may be c o n s e r v e d  5
0
2 5 .  The  d i f f i c u l t i e s  p u p i l s  have  i n  u n d e r ­
s t a n d i n g  t h e  c o n c e p t s  o f  momentum and 






























D i s c u s s i o n  o f  r e s u l t s
R e s u l t s f r o m  p a r t  A o f  t h e que s t i o n n a i r e i n d i c a t e t h
( i ) a l l  t e a c h e r s t h i n k t h a t t h e s t u d y o f  e n e r g y i
e s s e n t i a l  and mus t be i n c l u ded i n any p h y s i cs
c o u r s e .
( i i )  m o s t  t e a c h e r s  w o u ld  a l s o  i n c l u d e  momentum b u t  
a p p r e c i a t e  t h a t  i t  i s  n o t  e s s e n t i a l  up t o  0 - G r a d e .
I t  i s  i m p o r t a n t  t o  f u t u r e  p h y s i c i s t s
( i i i )  t h e  i n c l u s i o n  o f  momentum c o n s e r v a t i o n  and a
q u a n t i t a t i v e  t r e a t m e n t  o f  e n e r g y  a r e  c o n s i d e r e d  
t o  be e s s e n t i a l  f o r  s u b s e q u e n t  t h e o r e t i c a l  s t u d i e s  
i n  p h y s i c s  e . g .  t h e r m o d y n a m i c s ,  n u c l e a r  p h y s i c s ,  
q u a n tu m  m e c h a n i c s .
( i v )  t h e  s t u d y  o f  e n e r g y  and momentum a r e  a l s o  c o n s i d e r e d
t o  be v a l u a b l e  i n  a p r a c t i c a l  way i n  " p r o v i d i n g
a f u l l e r  k n o w l e d g e  o f  t h e  p h y s i c a l  w o r l d " .  As su ch  
t h e y  s h o u l d  be i n c l u d e d  i n  a s c h o o l  p h y s i c s  c o u r s e .
•^n P a r t  B. i t  was r e p o r t e d  t h a t  some o f  t h e  g i v e n  c o n c e p t s
c o u l d  n o t  be c l a s s i f i e d  as ’ e s s e n t i a l 1 , ’ d e s i r a b l e 1 o r
’ i r r e l e v a n t ’ u n l e s s  one  was a l s o  i n f o r m e d  o f
( i )  w h a t  l e v e l  o f  c o m p l e x i t y  o f  t h e  c o n c e p t  was i n v o l v e d ,
( i i )  w h a t  p r i o r  k n o w l e d g e  was e x p e c t e d  o f  t h e  p u p i l ,
( i i i )  w h a t  e x p e r i m e n t a l  m e th o d s  w ere  l i k e l y  t o  ha ve  
bee n  used  i n  t e a c h i n g  t h e  c o n c e p t .
The  s t u d y  o f  ’ momentum * 9 f o r  e x a m p l e ,  i n v o l v e s  b o t h  
c o n s e r v a t i o n  o f  momentum and c h a n g e  o f  momentum. The  
e s s e n t i a l  c o n c e p t s  f o r  momentum c o n s e r v a t i o n  a r e  n o t  t h e  
e s s e n t i a l  c o n c e p t s  f o r  momentum c h a n g e .  Or a g a i n ,  t h e  
c o n c e p t  o f  ’ k i n e t i c  e n e r g y 1 m i g h t  mean ’ m o t i o n ’ e n e r g y  
t o  an S3 p u p i l ,  ' E k _= mv2 ' t o  an S4 p u p i l  and 
’ t e m p e r a t u r e  = m c ^ ’ t o  an S5 p u p i l .  The i n s t r u c t i o n s  
g i v e n  a b o u t  how t h e  q u e s t i o n n a i r e  was t o  be c o m p l e t e d  
d i d  n o t  s t i p u l a t e  c l e a r l y  t h a t ,  i n  P a r t J , ,  we w e re  
r e f e r r i n g  t o  t h e  l e v e l  o f  u n d e r s t a n d i n g  o f  t h e  c o n c e p t s  
P f  an H - G r a d e  p u p i l .
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I n  s p i t e  o f  s u c h  d i f f i c u l t i e s ,  t h e r e  was a m a rke d  d e g r e e  o f  
a g r e e m e n t  i n  o p i n i o n  as t o  w h i c h  w e re  t h e  e s s e n t i a l  s u b ­
c o n c e p t s  c o n t r i b u t i n g  t o  t h e  p u p i l ’ s u n d e r s t a n d i n g  o f  
t h e  c o n c e p t s  o f  momentum and e n e r g y .  T h e s e  e s s e n t i a l  
o r  k e y  c o n c e p t s  a r e  l i s t e d ,  i n  o r d e r  o f  p o p u l a r i t y ,  i n  
T a b l e  4 . I t  w i l l  be n o t e d  t h a t  t h e  c o n c e p t  o f  ’ p o w e r ’ 
d o e s  n o t  a p p e a r  i n  any l i s t .
C o n c e p t  d i a g r a m s  w e re  p r e p a r e d ,  based  on t h e  c o n s e n s u s  
o p i n i o n  o f  w h a t  w e re  t h e  k e y  c o n c e p t s ,  t o  show how t h e  
v a r i o u s  s u b —c o n c e p t s  w e re  i n t e r - r e l a t e d  and w h e re  t h e r e  
was a h i e r a r c h i c a l  s t r u c t u r e  o f  s u b - c o n c e p t s .
F i g u r e  2 show s  s u c h  a c o n c e p t  map f o r  ‘e n e r g y  J
F i g u r e  2 — C oncep t  m app ing  f o r  Te n e r q y t b a s e d  on t h e  
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POTENTIAL ENERGY :KINETIC ENERGY. 
E  ^ -  £  m r2
DThe s ta te m e n ts  i n
to  th e  te a c h e r s
boxes d id  no t ap p e a r  i n  th e  o r ig in a l  l i s t  o f  concep ts g iv e n
T h i s  i n d i c a t e s  t h a t  c o n s e r v a t i o n  o f  e n e r g y  subsum es  
i n t e r - c o n v e r s i o n  o f  e n e r g y ,  w h i c h  i n  t u r n  f o r m s  t h e  
a p e x  o f  tu/o i n t e r - r e l a t e d  h i e r a r c h i c a l  c h a i n s ,  one  f o r
c l a r i t y ,  o n l y  t h e  m o s t  o b v i o u s  i n t e r - r e l a t i o n s h i p s  a r e
i n  t h e  o r i g i n a l  l i s t  o f  c o n c e p t s ) .
A l t h o u g h  t h e  c a s u a l  o b s e r v e r  may be d u l y  i m p r e s s e d  by t h  
s y m m e t r i c a l  a r r a n g e m e n t  o f  t h e  c o n c e p t s  i n  F i g u r e  2 .  i t  
s h o u l d  be n o t e d  t h a t  t h i s  p a t t e r n  o n l y  em erged  a f t e r  
much c a r e f u l  t h o u g h t .  I t  i s  n o t  s u g g e s t e d ,  o f  c o u r s e ,  
t h a t  t h e  f o r m a t  o f  F j o u r e  2 i s  more  ’ v a l i d ’ t h a n  o t h e r  
p o s s i b l e  f o r m a t s ,  t h o u g h  i t  i s  p o s s i b l y  t h e  m o s t  c o m p a c t  
f o r m a t .  I t  h i g h l i g h t s  c e r t a i n  i m p o r t a n t  f e a t u r e s : -
( i )  t h e  c o n c e p t  o f  ’ w o r k ’ i s  no l e s s  i m p o r t a n t  t h a n
( i i )  The  c o n c e p t  o f  ’ f o r c e ’ i s  a p r e r e q u i s i t e  c o n c e p t  
( a  s u b s u m e r )  o f  ’ w o r k ’ . j u s t  as ’ w e i g h t *  i s  
p r o b a b l y  a s u b s u m e r  o f  ’ p o t e n t i a l  e n e r g y ’
( i i i )  I t  i s  d i f f i c u l t  t o  see e x a c t l y  w h e re  t h e  c o n c e p t  
o f  ’ p o w e r ’ m i g h t  be f i t t e d  i n t o  t h e  c h a r t ,  e x c e p t  
p e r h a p s ,  by u s i n g  a c y c l i c  r a t h e r  t h a n  a l i n e a r  
f o r m a t  w i t h  ’ p o w e r ’ l i n k i n g  ’ e n e r g y ’ a t  one  end 
o f  t h e  c o n c e p t  map t o  ’ t i m e ’ a t  t h e .  o t h e r  e n d .
( i v )  The  o b v i o u s  c o m p l e x i t y  o f  t h e  c o n c e p t  ’ map ’ 
w o u l d  make an e m p i r i c a l  v a l i d a t i o n  o f  i t ,  as 
a ’ l e a r n i n g  h i e r a r c h y ’ , v e r y  d i f f i c u l t .
I f  we r e c o n s i d e r  J o h n s t o n e  and M u g h o l ’ s w o r k ,  i n  t h e  
l i g h t  o f  o u r  c o n c e p t  m a p p i n g ,  i t  w o u ld  a p p e a r  t h a t : -
k i n e t i c  e n e r g y  and one  f o r  p o t e n t i a l  e n e r g y .  ( F o r
s h o w n .  The  s t a t e m e n t s  i n b o x e s  d i d  n o t  a p p e a r
’ k i n e t i c  e n e r o v ’ o r  ’ p o t e n t i a l  e n e r g y
72.
( i )  t h e  s u g g e s t e d  d i f f i c u l t y  i n  u n d e r s t a n d i n g  t h e
’ d i f f e r e n c e  b e tw e e n  e n e r g y  and p o w e r ’ may h ave  been 
e x a g g e r a t e d
( i i )  t h e  c o n c e p t  o f  ’ f o r c e ’ (an d  ’ w e i g h t ’ ) s h o u l d  be
i n c l u d e d  i n  any f u t u r e  s t u d y  o f  m e c h a n i c s  c o n c e p t s .
I n  p a r t  C. m o s t  o f  t h e  t e a c h e r s  a g r e e d  t h a t  t h e  p r o p o s i t i o n s  
i n  t h e  g i v e n  l i s t  w e re  e s s e n t i a l ,  t h o u g h  some p r e f e r r e d  
t h e  t e r m  ’ d e s i r a b l e ’ s i n c e  n o t  a l l  t h e  l i s t e d  p r o p o s i t i o n s  
w o u l d  be r e q u i r e d .  I n  p a r t i c u l a r ,  t h e  p r o p o s i t i o n s  
i n v o l v i n g  ’ i m p u l s e ’ w e re  c o n s i d e r e d  u n n e c e s s a r y  f o r  0 - G r a d e ,  
S e v e r a l  t e a c h e r s  p o i n t e d  o u t  t h a t  t h e y  d i d  n o t  e x p l i c i t l y  
t e a c h  s u c h  p r o p o s i t i o n s .  The  P r i n c i p a l  E x a m in e r  i n  
P h y s i c s  p o i n t e d  o u t  t h a t ,  t o  h i s  k n o w l e d g e ,  no S . C . E .  
p h y s i c s  e x a m i n a t i o n  had s p e c i f i c a l l y  r e q u i r e d  t h e  r e c a l l  
o f  any o f  t h e  l i s t e d  p r o p o s i t i o n s .  T h i s  was a g r e e d  
and i t  i s  a c c e p t e d  t h a t  p u p i l s  can  o f t e n  s o l v e  a 
’ c o n c r e t e ’ m a t h e m a t i c a l  p r o b l e m  y e t  be u n a b l e  t o  
f o r m a l l y  s t a t e  t h e  u n d e r l y i n g  p r o p o s i t i o n .  An 
i n t u i t i v e  g r a s p  o f  t h e  i d e a  c o u p l e d  w i t h  t h e  r o t e  
l e a r n i n g  o f  a f o r m u l a  may be a l l  t h a t  i s  r e q u i r e d .
C f  t h e  g i v e n  l i s t  o f  p r o p o s i t i o n s ,  m o s t  o f  the m  w e re  
i n t r o d u c e d  i n  S3,  w i t h  a f e w  more  i n  S4.  P r o p o s i t i o n s  
i n v o l v i n g  i m p u l s e  and t w o - d i m e n s i o n a l  c o l l i s i o n s  w e re  
n o t  i n t r o d u c e d  u n t i l  S5.  To h e l p  t h e  p u p i l s ’ 
u n d e r s t a n d i n g  o f  t h e  p r o p o s i t i o n s ,  t y p i c a l  n u m e r i c a l  
e x a m p l e s  w e r e  i n v a r i a b l y  done  a nd ,  i n  many c a s e s ,  
s u i t a b l e  p r a c t i c a l  e x p e r i m e n t s  w e re  p e r f o r m e d .
The  r e s u l t s  f r o m  p a r t  D w e re  i n c o n c l u s i v e  i n  t h a t  none  
o f  t h e  g i v e n  s t a t e m e n t s  a c h i e v e d  c o m p l e t e  a g r e e m e n t  o r  
d i s a g r e e m e n t .
The  s t a t e m e n t s  w h i c h  a c h i e v e d  m o s t  g e n e r a l  a g r e e m e n t  
w e r e :
( 1 )  " P u p i l s  can  d e v e l o p  t h e  c o n c e p t s  o f  momentum and 
e n e r g y  o n l y  by d o i n g  p r a c t i c a l  e x p e r i m e n t s "
( 2 )  " P u p i l s  do n o t  have  t h e  n e c e s s a r y  m a t h e m a t i c a l  
s k i l l s  t o  s o l v e  n u m e r i c a l  p r o b l e m s "
( 3 )  " P u p i l s  do n o t  g e t  s u f f i c i e n t  p r a c t i c e  i n  s o l v i n g  
n u m e r i c a l  p r o b l e m s "
T h e  s t a t e m e n t s  w h i c h  a c h i e v e d  mos t  g e n e r a l  d i s a g r e i m e n t  
w e r e  -
( 1 ) " T h e  c o n c e p t o f  e n e r g y  s hou I d n o t  be i n t r o d u c e d
u n t i l  5 3 "
( 2 ) " T h e  c o n c e p t s o f  e n e r g y and momentum a r e j u s t  t o o
d i f f i c u l t  f o r t h e  a v e r a g e 0 - G r ade pup i l "
( 3 ) " T e a c h e r  demo n s t r a t i o n s a r e o f l i t t l e v a l ue i n
d e v e l o p i n g  t h e p u p i l s ’ u n d e r s t a n d i n g o f  s uch
c o n c e p t s " .
I t  may be o f  i n t e r e s t  t o  n o t e  t h a t  t h e  f i r s t  f o u r  
s t a t e m e n t s  on t h e  l i s t  w e re  s i m p l y  r e w o r d i n g s  o f  t h e  
p u p i l  d i f f i c u l t i e s  h i g h l i g h t e d  by t h e  p r e v i o u s  
r e s e a r c h  s t u d y .  Our r e s u l t s  d i d  n o t  i n d i c a t e  t h a t  
t h e  t e a c h e r s  saw t h e s e  as p r o b l e m  a r e a s  f o r  t h e i r  
p u p i l s .  F o r  e x a m p le ,  n i n e  t e a c h e r s  a g r e e d  t h a t  
" p u p i l s  c a n n o t  d i s t i n g u i s h  b e tw e e n  e l a s t i c  c o l l i s i o n s  
and  i n e l a s t i c  c o l l i s i o n s " ,  b u t  t h i r t e e n  d i s a g r e e d  w i t h  
t h i s  s t a t e m e n t .  T w e l v e  t e a c h e r s  a g r e e d  t h a t  " p u p i l s  
h a v e  d i f f i c u l t y  i n  d i s t i n g u i s h i n g  b e tw e e n  s c a l a r s  
and v e c t o r s "  b u t  t e n  d i s a g r e e d  w i t h  t h i s .
The  r e s u l t s  f r o m  p a r t  E o f  t h e  q u e s t i o n n a i r e  c o n f i r m e d  
t h a t  no t e a c h e r  i n  t h e  g r o u p  had l e s s  t h a n  tw o  y e a r s ’ 
e x p e r i e n c e  o f  p r e s e n t i n g  p u p i l s  f o r  S . C . E .  0—G ra d e  and 
H—G ra d e  e x a m i n a t i o n s .  Wore t h a n  60% o f  t h e  p r a c t i s i n g  
t e a c h e r s  had more  t h a n  5 y e a r s  p r e s e n t a t i o n  e x p e r i e n c e .  
The  m a j o r i t y  o f  t h e  t e a c h e r s  t a u g h t  i n  l a r g e ,  w e l l  
e q u i p p e d  c o m p r e h e n s i v e  s c h o o l s  and a b a s i c  t e x t b o o k ,
s u p p l e m e n t e d  by t h e  t e a c h e r f s own n o t e s ,  was u sed  i n
a l m o s t  a l l  c a s e s .
C o n c l u s i o n
The t e a c h e r  q u e s t i o n n a i r e  r e v e a l e d  t h e  f o l l o w i n g
( 1 )  T e a c h e r s  c o n s i d e r  t h e  c o n c e p t s  o f  momentum and 
e n e r g y  t o  be i m p o r t a n t  and w o r t h y  o f  i n c l u s i o n  
i n  any s c h o o l  p h y s i c s  c o u r s e .
( 2 )  T e a c h e r s  can  i d e n t i f y  by c o n s e n s u s  o p i n i o n  t h e  
i m p o r t a n t  p r e r e q u i s i t e  c o n c e p t s  f o r  each  o f  t h e  
g i v e n  c o n c e p t s .  T h e r e  i s  l i t t l e  d i s p u t e  as t o  
t h e  e s s e n t i a l  s u b - c o n c e p t s ,  b u t  a g r e a t e r  v a r i e t y  
o f  o p i n i o n  as t o  w h a t  a r e  d e s i r a b l e  s u b - c o n c e p t s .
( 3 )  T e a c h e r s  a g r e e  t h a t  p u p i l s  s h o u l d  a c q u i r e  a body  
o f  k n o w l e d g e  ( w h i c h  can  c o n v e n i e n t l y  be s t a t e d  as
a s e r i e s  o f  p r o p o s i t i o n s )  b u t  t h e y  do n o t  t h i n k  t h e  
p u p i l s  s h o u l d  be r e q u i r e d  t o  a p p l y  t h e  k n o w l e d g e  
e x p l i c i t l y  i n  t h e  f o r m  o f  p r o p o s i t i o n s .  T h e r e  i s  
a m a rk e d  r e a c t i o n  a g a i n s t  t h e  s u g g e s t i o n  t h a t  t h e  
c r i t i c a l  a t t r i b u t e s  o f  c o n c e p t s  s h o u l d  be p r e s e n t e d  
t o  p u p i l s  as a m a t t e r  o f  d e f i n i t i o n .
( 4 ) T e a c h e r s  see a v a l u e  i n  p r a c t i c a l  w o rk  i n  a s s i s t i n g  
t h e  p u p i l s  t o  f o r m  t h e  d e s i r e d  c o n c e p t s .  They  make 
e x t e n s i v e  use o f  n u m e r i c a l  e x a m p le s  t o  c o n s o l i d a t e  
t h e  p u p i l s ’ u n d e r s t a n d i n g  o f  t h e  d e s i r e d  c o n c e p t s ,  
b u t  a c c e p t  t h a t  n o t  a l l  p u p i l s  a r e  p r o f i c i e n t  i n  t h e  
n e c e s s a r y  m a t h e m a t i c a l  s k i l l s .
( 5 )  T e a c h e r s  a r e  a w a re  t h a t  t h e i r  p u p i l s  h ave  d i f f i c u l t y  
i n  u n d e r s t a n d i n g  t h e  c o n c e p t s  o f  momentum and e n e r g y ,  
p a r t i c u l a r l y  i n  p r o g r e s s i n g  b e y o n d  a s i m p l e  i n t u i t i v e  
g r a s p  o f  t h e  c o n c e p t s ,  b u t  t h e y  do n o t  a t t r i b u t e  t h i s  
t o  any s u b j e c t  s p e c i f i c  d i f f i c u l t y  o r  t o  p o o r  
t e a c h i n g .  The r e a s o n s  f o r  t h e  p u p i l s ’ p e r c e i v e d  
d i f f i c u l t i e s  m us t  be a t t r i b u t e d  t o  t h e  p u p i l s  
t h e m s e l v e s .
liie  f o u n d  t h i s  l a s t  p o i n t  r a t h e r  s u r p r i s i n g  a t  f i r s t .
I t  a p p e a r e d  t h a t  t h e  t e a c h e r s  we re  t a c i t l y  a c c e p t i n g  
t h a t  some p u p i l s  w e re  h a v i n g  d i f f i c u l t y  i n  u n d e r s t a n d i n g  
t h e s e  c o n c e p t s ,  w i t h o u t  c o n s i d e r i n g  how t h e  s i t u a t i o n  
m i g h t  be i m p r o v e d  i f  a l t e r n a t i v e  t e a c h i n g  s t r a t e g i e s  
w e re  a d o p t e d .  Brown ( 8 5 )  has  n o te d  t h e  same r e a c t i o n  
" I n  p r o v i d i n g  t h e  means o f  a t t r i b u t i n g  l a c k  o f  u n i v e r s a l  
s u c c e s s  among p u p i l s  t o  t h e  ’ n a t u r a l '  c h a r a c t e r i s t i c s  o f  
t h e s e  p u p i l s ,  t h e  i d e a  ( o f  g e n e r a l  a b i l i t y )  has  d e t e r r e d  
t e a c h e r s  f r o m  e x a m i n i n g  t h e  i n s t r u c t i o n a l  c o n d i t i o n s  
t h e y  p r o v i d e  f r o m  t h e  p e r s p e c t i v e  t h a t  i t  i s  t h e s e  
c o n d i t i o n s  t h a t  d e t e r m i n e  w h a t  p u p i l s  l e a r n , "
Our own e x p e r i e n c e  o f  t e a c h i n g  p h y s i c s  i n  b o t h  s e l e c t i v e  
and c o m p r e h e n s i v e  s c h o o l s  a nd ,  l a t t e r l y ,  o f  t r a i n i n g  
t e a c h e r s  o f  p h y s i c s ,  has  l e d  us t o  b e l i e v e  t h a t  t h e r e  
i s  a d i r e c t  r e l a t i o n s h i p  b e tw e e n  p u p i l  a t t a i n m e n t  and 
t e a c h e r  e x p e c t a t i o n  and t h a t  t e a c h e r s  g e n e r a l l y  u n d e r ­
e s t i m a t e  r a t h e r  t h a n  o v e r - e s t i m a t e  t h e i r  p u p i l s ’ 
c a p a b i l i t i e s .
The t e a c h e r s  a r e  n o t  l i k e l y  t o  a l t e r  t h e i r  p r e c o n c e i v e d  
i d e a s  a b o u t  t h e i r  p u p i l s '  a b i l i t i e s  u n l e s s  t h e y  have  some 
d i r e c t  e v i d e n c e  o f  w h a t  t h e  p u p i l s  can and c a n n o t  d o .
T h i s  s u g g e s t s  t h a t  t h e r e  may be a p l a c e  f o r  some f o r m  o f  
s y s t e m a t i c  d i a g n o s t i c  a s s e s s m e n t  o f  p u p i l s ’ a b i l i t i e s ,  
liie  w i l l  t a k e  up t h i s  s u g g e s t i o n  a g a i n  i n  a l a t e r  c h a p t e r .
T he  q u e s t i o n n a i r e s  w e re  c o m p l e t e d  i n  1 9 7 7 ,  Some f o u r  
y e a r s  l a t e r ,  we used  a v e r y  s i m i l a r  g r o u p  o f  p h y s i c s  
t e a c h e r s  t o  v a l i d a t e  some t e s t  m a t e r i a l .  ( T h i s  w i l l
be d e s c r i b e d  i n  f u l l  i n  a l a t e r  c h a p t e r ) #  liie d e c i d e d
t o  ask  a g a i n  i f  t h e  t e a c h e r s  " c o u l d  i d e n t i f y  any 
f a c t o r s  w h i c h  m i g h t  e x p l a i n  t h e i r  p u p i l s  r e p o r t e d  
d i f f i c u l t i e s , "  T h i s  t i m e  we l e t  t h e  t e a c h e r s  s u g g e s t  
t h e  l i k e l y  a r e a s  o f  d i f f i c u l t y .  The r e s u l t s  w e re  much 
m o re  c o n c l u s i v e  on t h i s  o c c a s i o n .
14 o u t  o f  17 m e n t i o n e d  t h e  v e c t o r  n a t u r e  o f  momentum, 
11 m e n t i o n e d  l o s s  i n  i n  c o l l i s i o n s  o r  d o i n g  w o rk  
a g a i n s t  e x t e r n a l  f o r c e ,  12 m e n t i o n e d  a p p l y i n g  N e w t o n ’ s 
l a w s  e i t h e r  f o r  r e s u l t a n t  f o r c e  o r  i n  a c t i o n / r e a c t i o n  
s i t u a t i o n s ,  and 14 m e n t i o n e d  t h e  use  o f  ’ i m p u l s e ’ i n  
p r o b l e m  s o l v i n g ,  as b e i n g  l i k e l y  a r e a s  o f  d i f f i c u l t y  
f o r  an H - G r a d e  p u p i l .
C l e a r l y  t h e  t e a c h e r s  a r e  aware  o f  l i k e l y  a r e a s  o f  
d i f f i c u l t y .  The f a c t  t h a t  t h i s  i n f o r m a t i o n  d i d  n o t  
e m e rg e  f r o m  t h e  o r i g i n a l  q u e s t i o n n a i r e  mus t  be 
a t t r i b u t e d  t o  t h e  p o o r  d e s i g n  o f  t h e  q u e s t i o n n a i r e .
CHAPTER 4 -  THE PUPIL TESTS
I n t r o d u c t i o n
I n  t h i s  c h a p t e r ,  we w i l l  d e s c r i b e  t h e  s e c o n d  s t a g e  o f  o u r  
p r e l i m i n a r y  i n v e s t i g a t i o n  o f  t h e  a r e a  o f  m e c h a n ic s #  hie
n o t e d  i n  t h e  l a s t  c h a p t e r  t h a t  we had some r e s e r v a t i o n
a b o u t  t h e  m u l t i p l e —c h o i c e  i t e m s  used  i n  t h e  J o h n s t o n e  and 
W u g h o l  s t u d y #  I n  o u r  o p i n i o n ,  t h e s e  i t e m s  we re  
s u f f i c i e n t l y  d i f f e r e n t  i n  f o r m a t ,  l a n g u a g e  and s t y l e  
f r o m  t h e  t y p e  o f  m u l t i p l e - c h o i c e  i t e m  s e t  by t h e  
S c o t t i s h  C e r t i f i c a t e  o f  E d u c a t i o n  E x a m i n a t i o n  B o a rd  t o  
make us d o u b t  t h e  v a l i d i t y  o f  many o f  t h e  i t e m s  used  
i n  t h e  p r e v i o u s  s t u d y *  liie d e c i d e d ,  t h e r e f o r e ,  t o  
c o n d u c t  f u r t h e r  t e s t s ,  s p e c i f i c a l l y  i n  t h e  a r e a  o f  
m e c h a n i c s ,  b u t  u s i n g  w h a t  we c o n s i d e r e d  t o  be more  
v a l i d  m u l t i p l e - c h o i c e  i t e m s .  We h ope ,  by so d o i n g ,  
t o  i d e n t i f y  a t  l e a s t  some o f  t h e  p u p i l s ’ d i f f i c u l t i e s
i n  t h e  a r e a  o f  m e c h a n i c s .
E x i s t i n g  m e th o d s  o f  a s s e s s i n g  ’ c o g n i t i v e  a b i l i t y ’ 
i n  p h y s i c s .
The  S c o t t i s h  C e r t i f i c a t e  o f  E d u c a t i o n  E x a m i n a t i o n  B o a rd  
use  tw o  d i s t i n c t  m e th o d s  o f  a s s e s s i n g  w h a t  t h e y  d e s c r i b e  
as ’ e s s e n t i a l l y  c o g n i t i v e  a b i l i t i e s ’ . At  b o t h  0 - G r a d e  
ancj H -G r a d e  t h e  t e r m i n a l  e x a m i n a t i o n  c o n s i s t s  o f  tw o  
s e p a r a t e  p a p e r s .
The  0 —G rade  e x a m i n a t i o n  c o n s i s t s  o f  P a p e r  I  o f  1^- h o u r s  
d u r a t i o n  and P a p e r  I I  o f  1 h o u r ' s  d u r a t i o n .  P a p e r  I  i s  
an e x t e n d e d  a ns w e r  p a p e r  c o n t a i n i n g  e i g h t  e q u a l l y  
w e i g h t e d  q u e s t i o n s  f r o m  w h i c h  t h e  c a n d i d a t e  i s  r e q u i r e d  
t o  a t t e m p t  f i v e .  P a p e r  I I  i s  a m u l t i p l e  c h o i c e  p a p e r  
c o n t a i n i n g  f o r t y  p r e - t e s t e d  i t e m s  each  c o n t a i n i n g  f i v e  
p o s s i b l e  r e s p o n s e s ,  o n l y  one o f  w h i c h  i s  t o  be s e l e c t e d .
The H -G r a d e  e x a m i n a t i o n  c o n s i s t s  o f  P a p e r  I  o f  l i  h o u r s  
d u r a t i o n  and P a p e r  I I  o f  2 ?  h o u r s  d u r a t i o n .  P a p e r  I
c o n t a i n s  f o r t y  p r e - t e s t e d ,  m u l t i p l e - c h o i c e  i t e m s  each  
c o n t a i n i n g  f i v e  r e s p o n s e s .  P a p e r  I I  c o n t a i n s  t e n  e q u a l l y  
w e i g h t e d  q u e s t i o n s  f r o m  w h ic h  t h e  c a n d i d a t e s  i s  r e q u i r e d  
t o  a t t e m p t  e i g h t .
T h e  m u l t i p l e - c h o i c e  p a p e r s  a re  c o n s t r u c t e d  t o  p r o v i d e  a 
b a l a n c e  i n  t e r m s  o f  s y l l a b u s  c o v e r a g e  and a l s o  i n  t e r m s  
o f  f o u r  a b i l i t y  c a t e g o r i e s ,  K n o w l e d g e . C o m p r e h e n s i o n .  
A p p l i c a t i o n  and H i g h e s t  A b i l i t i e s . T h ese  a b i l i t y  
c a t e g o r i e s  a r e  based  on B l o o m ' s  ( 8 7 )  t a x o n o m y ,  and a r e  
e x p l a i n e d  i n  more  d e t a i l  i n  A p p e n d i x  C. t ie can  
i l l u s t r a t e  t h e i r  use  by r e f e r e n c e  t o  a c t u a l  t e s t  i t e m s .
C a t e g o r y  A -  K n o w le d g e
" T h e  k i n e t i c  e n e r g y  o f  a p a r t i c l e  o f  mass m t r a v e l l i n g  a t
s p e e d  v i s  g i v e n  by
2 2 2 2 2 A, ^  mv B. mv C. ^  m v D. m v E.  mv
( H e r e  t h e  p u p i l  i s  r e q u i r e d  t o  r e c a l l  a s p e c i f i c  ' b i t '  o f  
i n f o r m a t i o n )
C a t e g o r y  B -  C o m p r e h e n s io n
" T h e  k i n e t i c  e n e r g y  o f  a b u l l e t  f i r e d  w i t h  v e l o c i t y  v i s  2J 
liih a t i s  t h e  k i n e t i c  e n e r g y  o f  t h e  same b u l l e t  f i r e d  w i t h  
v e l o c i t y  4v ?
A. 4 J B. 8 J C. IB J  D. 32J E. 64J "
( H e r e  t h e  p u p i l  i s  r e q u i r e d  t o  a p p l y  a s p e c i f i c  p r i n c i p l e  
t o  a s i t u a t i o n  w h e re  i t  s h o u l d  be o b v i o u s  t o  t h e  p u p i l  
w h i c h  p r i n c i p l e  s h o u l d  be u s e d )
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C a t e g o r y  D -  H i g h e s t  a b i l  i t . i p c
"Two m o v in g  b o d i e s ,  P and Q, have t h e  same momentum b u t
t h e  k i n e t i c  e n e r g y  o f  P i s  t w i c e  t h e  k i n e t i c  e n e r g y  o f  Q. 
The  mass o f  P i s
A o □ to q u a r t e r t h e mass o f Q
B one h a l f  t h e mass  o f Q
C t h e same as t h e mass o f Q
D t w i c :e t h e  mass o f  Q
E f  O U I : t i m e s t h e mass o f  Q
(He r e  t h e  p u p i l i s r e q u i r e d f i r s t
t h e a p p r o p r i a t e p r i n c i p l es t o  a p r
s o l u t i o n  t o  w h i ch i n v o l v es i:wo o r
I n  p r a c t i c e ,  i t  i s  o f t e n  d i f f i c u l t  t o  make a c l e a r  
d i s t i n c t i o n  b e tw e e n  c o m p r e h e n s i o n  ( a p p l y i n g  a p r i n c i p l e  
i n  a f a m i l i a r  s i t u a t i o n )  and a p p l i c a t i o n  ( a p p l y i n g  a 
p r i n c i p l e  i n  an u n f a m i l i a r  s i t u a t i o n )  s i n c e  t h e  d e g r e e  
o f  f a m i l i a r i t y  u / i t h  t h e  s i t u a t i o n  w i l l  d epend  upon 
w h a t  t h e  p u p i l  has been t a u g h t .  An i t e m  may h ave  t o  
be c a t e g o r i s e d  as * c o m p r e h e n s i o n / a p p l i c a t i o n T t o  g e t  . 
r o u n d  t h i s  d i f f i c u l t y .
The  e x t e n d e d  a n s w e r  p a p e r s  a r e  c o n s t r u c t e d  t o  p r o v i d e  a 
b a l a n c e  i n  t e r m s  o f  c o v e r a g e  o f  b o t h  s y l l a b u s  c o n t e n t  
and f o u r  a b i l i t y  g r o u p i n g s ,  C o m m u n i c a t i o n , S y s t e m a t i c  
P r o b l e m  S o l v i n g ,  D a t a  A n a l y s i s  and C r e a t i v i t y . T h e s e
f o u r  a b i l i t y  g r o u p i n g s  a r e  e x p l a i n e d  i n  d e t a i l  i n  
A p p e n d i x  D, b u t  we can  i l l u s t r a t e  t h e i r  a p p l i c a t i o n  
by r e f e r e n c e  t o  tw o  a c t u a l  q u e s t i o n s .
\
198D H - G r a d e  P a p e r  I I  Q . l .
(a) A balloonist suspects he is losing height. In order to assess his rate of fall, he reads an instrument 
which measures, to the nearest metre, height above ground level. Readings are taken at 20 second 
intervals. These are shown in Table A.
TABLE A
Time (s) 0 20 40 60
Height (m) 1000 985 960 925
(i) Use these values to calculate the vertical component of the acceleration of the balloon.
(ii) The total mass of the balloon and contents is 500 kg. Calculate the resultant force acting vertically 
downwards on the balloon during this observation period.
(b) To reduce his downward acceleration, the balloonist empties some sand overboard. After doing this 
he continues taking readings. These are shown in Table B.
TABLE B
Time (s) 80 100 120 140
Height (m) 885 845 805 765
(i) What is the resultant vertical force now? Give your reasoning.
(ii) Draw a diagram showing the individual vertical forces acting on the ballopn system during this 
second observation period. Name each force.
(iii) Calculate the mass of sand which was emptied overboard.
I n  t h e  a b o v e  q u e s t i o n ,  p a r t  b ( i i )  i n v o l v e d  c o m m u n i c a t i o n ^  
p a r t s  a ( i i ) ,  b ( i ) and b ( i i i )  i n v o l v e d  s y s t e m a t i c  
□ r o b l am s o l v i n g  and p a r t  a ( i )  i n v o l v e d  d a t a  a n a l y s i s .
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M a rk s
3. Two pupils are asked to measure the speed of a pellet fired from an air rifle. They are supplied with a 





They are also given an air rifle, a box of pellets, a lump of plasticine, a metre stick and a balance for 
weighing.
(a )  Describe how the pupils can find the speed of the pellet using only the apparatus mentioned 
above.
In your description state:
(i) how the pupils carry out the experiment;
(ii) what measurements they make;
(iii) how the application of the principle of conservation of momentum and the consideration Of 
the interchange of energy enable them to calculate the speed of the pellet from these 
measurements. ®
(b ) Give one major source of error in this experiment and explain whether it produces an underesti -
mate or overestimate for the speed of the pellet. < 2
(10)
I n  t h i s  q u e s t i o n ,  a l l  o f  p a r t  ( a )  i n v o l v e d  c r e a t i v i t y , 
w h i l e  p a r t  ( b )  i n v o l v e d  c o m m u n i c a t i o n ,
( I n  and a f t e r  1 9 8 2 ,  i t  i s  p r o p o s e d  t o  c han ge  t h e  
f o r m a t  o f  t h e  H -G rad e  e x a m i n a t i o n ,  b u t  t h i s  w i l l  n o t  
a f f e c t  t h e  p r e s e n t  i n v e s t i g a t i o n ) .
Th e  q u e s t i o n s  s e t  i n  t h e  0—Grade and H—Grade  
e x a m i n a t i o n s  h ave  had ,  and w i l l  no d o u b t  c o n t i n u e  t o  
h a v e ,  a m a rke d  ’ f e e d b a c k ’ e f f e c t  on t h e  t e a c h i n g  o f  
p h y s i c s  i n  s c h o o l s .  They  p r o v i d e  t h e  o f f i c i a l  
i n t e r p r e t a t i o n  o f  s y l l a b u s  c o n t e n t  i n  t e r m s  o f  d e p t h  
o f  t r e a t m e n t  r e q u i r e d ,  q u e s t i o n  s t y l e ,  l a n g u a g e  and 
r e l a t i v e  e m p h a s i s  on d i f f e r e n t  s y l l a b u s  a r e a s .
T e a c h e r s ,  b e i n g  aware  o f  t h i s ,  pay p a r t i c u l a r  
a t t e n t i o n  t o  t h e  q u e s t i o n s  s e t  j,.n t h e s e  e x a m i n a t i o n s ,  
and  q u i c k l y  i n c o r p o r a t e  any new s t y l e  o f  q u e s t i o n  o r  
c h a n g e  o f  e m p h a s i s  i n  a p a r t i c u l a r  a r e a  o f  t h e  
s y l l a b u s  i n t o  t h e i r  t e a c h i n g  r o u t i n e .  I n  a v e r y  
r e a l  s e n s e ,  t h e r e f o r e ,  t h e  l e v e l  o f  c o n c e p t u a l  
u n d e r s t a n d i n g  r e q u i r e d  o f  t h e  p u p i l s  i s  more e x p l i c i t l y  
’ s p e l t  o u t ’ i n  t h e  0 - G r a d e  and H -G rad e  e x a m i n a t i o n s  
t h a n  i n  t h e  p u b l i s h e d  s y l l a b u s .
T e a c h e r s  make e x t e n s i v e  use o f  q u e s t i o n s  f r o m  p r e v i o u s  
0 - G r a d e  and H -G ra d e  e x a m i n a t i o n s ,  s u p p l e m e n t e d  by 
s i m i l a r  q u e s t i o n s  f r o m  o t h e r  s o u r c e s  ( 8 8 ) ,  t o  a s s e s s  
p u p i l  a t t a i n m e n t .  The m u l t i p l e - c h o i c e  i t e m s  a r e  
f r e q u e n t l y  used  as r e v i s i o n  t e s t s  w i t h i n  t h e  c l a s s r o o m ,  
w h i l e  t h e  e x t e n d e d  a nsw e r  q u e s t i o n s  a re  more o f t e n  g i v e n  
as  hom ework  o r  used  i n  t e r m  e x a m i n a t i o n s .  I n  a way t h i s  
i s  u n d e r s t a n d a b l e  s i n c e  t h e s e  q u e s t i o n s  i n d i c a t e  t h e  
s t a n d a r d  a g a i n s t  w h i c h  t h e i r  p u p i l s  w i l l  u l t i m a t e l y  be 
m e a s u r e d  a nd ,  as l o n g  as t h e i r  p u p i l s  can s u c c e s s f u l l y  
a n s w e r  su c h  q u e s t i o n s ,  t h e  t e a c h e r s  can assume t h e y  have  
a t t a i n e d  t h e  d e s i r e d  l e v e l  o f  u n d e r s t a n d i n g .  The 
p r o b l e m  a r i s e s  when t h e  p u p i l s  c a n n o t  a n sw e r  a q u e s t i o n  
o r  s e l e c t s  t h e  w ro ng  r e s p o n s e  t o  a m u l t i p l e  c h o i c e  i t e m .  
Does  t h i s  mean t h e  p u p i l  has f a i l e d  t o  r e a c h  t h e  d e s i r e d  
l e v e l  o f  c o n c e p t u a l . u n d e r s t a n d i n g  and ,  i f  s o ,  can  t h e  
t e a c h e r  i d e n t i f y  w h e re  t h e  f a i l u r e  has o c c u r r e d ?
To t a k e  a p a r t i c u l a r  e x a m p le ,  supp ose  a p u p i l  c h o o s e s  
a n s w e r  B i n  t h e  f o l l o w i n g  m u l t i p l e  c h o i c e  i t e m ,  w h a t  
d o e s  t h i s  r e a l l y  mean?
A t r o l l e y  o f  mass 1 . 0  kg i s  r e l e a s e d  f r o m  r e s t  
as shown f r o m  t h e  t o p  o f  a s l o p e .  l i lhen i t  
r e a c h e s  t h e  b o t t o m  o f  t h e  s l o p e  i t  i s  t r a v e l l i n g  
a t  3 . 0  ms” 1 .
VO m
The  w o rk  done a g a i n s t  f r i c t i o n  w h i l e  m o v in g  f r o m  
X t o  Y m us t  have  been
A 1 . 0  J
B 4 . 5  J
C 5 . 5  J
D 9 . 0  J
E 1 0 . 0  J (1 975  H -G rad e  P h y s i c s .  P a p e r  I ,
S i n c e  t h e  c o r r e c t  a n sw e r  i s  C, we m i g h t  s i m p l y  s a y  t h e  
p u p i l  ’ g o t  i t  w r o n g ’ . However a c l o s e r  e x a m i n a t i o n  
w o u l d  r e v e a l  t h a t  t h e  p u p i l  has  c o r r e c t l y  w o rk e d  o u t  
t h e  v a l u e  o f  E^ a t  t h e  b o t t o m  o f  t h e  s l o p e ,  b u t  has  
n o t  s u b t r a c t e d  t h i s  f r o m  t h e  o r i g i n a l  E^ o f  1 0 . 0  J
t o  f i n d  t h e  l o s s  i n  E^ i n  m o v in g  down t h e  s l o p e .  He
h a s  a p p r e c i a t e d  t h a t  t h e  s o l u t i o n  t o  t h e  p r o b l e m
r e q u i r e s  t h e  c a l c u l a t i o n  o f  E^ . I s  he t h e r e f o r e  more
k n o w l e d g e a b l e  t h a n  a n o t h e r  p u p i l  who t h i n k s  t h e  a n s w e r  
i s  E ? And how does  t h i s  p u p i l ,  i n  t u r n ,  co m p are  w i t h  
o ne  who a r r i v e s  a t  t h e  a n s w e r  A by u s i n g  t h e  f o r m u l a  
E^ = mv i n s t e a d  o f  ^  mv ?
When we s t a r t  t o  c o n s i d e r  w h a t  can be i n f e r r e d  f r o m  
t h e  p u p i l ’ s w ro n g  a n s w e r  t o  a m u l t i p l e  c h o i c e  i t e m ,  
we s o o n  r e a l i s e  t h a t  we can  g e t  l i t t l e  r e l i a b l e  
i n f o r m a t i o n  a b o u t  w h a t  t h e  p u p i l  does  n o t  know f r o m  
a s i n g l e  w ro n g  r e s p o n s e .  ( I t  i s  e q u a l l y  t r u e  t h a t  we
Q. 1 3 )
g e t l i t t l e r e l i a b l e  i n f  o r m a t i o n a b o u t w ha t he does  k now
f r o m a s i n g l e  c o r r e c t r e s p o n s e ) •  Ue need t o e x a m in e
t h e p a t t e r n o f  r e s D o n ses  t o  a number o f  i t ems b e f o r e we
c a n hope  t o i d e n t i f y wha t  i s  i t t h a t t h e  p u p i 1 do e s n o t
k n o w ,  o r  f o r  t h a t  m a t t e r  what  i t  i s  t h a t  t h e  p u p i l  k n o w s .
The  p r o b l e m  can  be compared  t o  c o n c e p t  f o r m a t i o n .  No 
c o n c e p t  i s  f o r m e d  by a s i n g l e  i n s t a n c e .  A c o n c e p t  i s  
t h e  p a t t e r n  o f  common f e a t u r e s  f r o m  a w id e  v a r i e t y  o f  
s e p a r a t e  i n s t a n c e s .  The more v a r i e d  t h e  s e p a r a t e  
i n s t a n c e s ,  t h e  more m e a n i n g f u l  t h e  c o n c e p t  b eco m es .
I n  t h e  same way,  a s i n g l e  i t e m  t e l l s  us l i t t l e  a b o u t  
t h e  p u p i l ’ s u n d e r s t a n d i n g ,  b u t  t h e  c u m u l a t i v e  e v i d e n c e  
p r o v i d e d  by a c o m p r e h e n s i v e  b a t t e r y  o f  i t e m s  can  t e l l  
us  a g r e a t  d e a l .
Th e  p r o b l e m  o f  t r y i n g  t o  i n f e r ,  f r o m  t h e  p u p i l ’ s w ron g  
a n s w e r ,  how much the p u p i l  a c t u a l l y  k n ow s ,  i s  more 
n o t i c e a b l e ,  p e r h a p s ,  i n  m u l t i p l e - c h o i c e  i t e m s  w h i c h  
i n v o l v e  more  t h a n  one s t a g e  o f  r e a s o n i n g  ( a s  i n  t h e  
e x a m p l e  q u o t e d  a b o v e )  b u t  s i m i l a r  p r o b l e m s  w i l l  a r i s e  
w i t h  e x t e n d e d - a n s w e r  q u e s t i o n s .  I n  t h e  m a r k i n g  o f  
s u c h  q u e s t i o n s ,  i t  i s  n o t  uncommon, f o r  e x a m p le ,  t o  
f i n d  t h a t  a p r e p a r e d  m a r k i n g  scheme has t o  be e x t e n d e d  
t o  acco m m o d a te  t h e  u n a n t i c i p a t e d ,  p a r t i a l l y  c o r r e c t  
a n s w e r .  To d e c i d e  how much c r e d i t  such  ’ w r o n g ’ 
a n s w e r s  s h o u l d  be g i v e n  r e q u i r e s  t h a t  we i n f e r  a l e v e l  
o f  u n d e r s t a n d i n g  f r o m  t h e  a nsw er  g i v e n *
I f  we hop e  t o  be a b l e  t o  make any v a l i d  c o n c l u s i o n s  
a b o u t  t h e  p u p i l ’ s l e v e l  o f  u n d e r s t a n d i n g  f r o m  t h e  
r e s u l t s  o f  a m u l t i p l e —c h o i c e  t e s t  t h e n .
( i )  liie need a r e a s o n a b l e  number o f  i t e m s  i n  t h e  t e s t  t o
g i v e  an a d e q u a t e  s a m p l i n g  o f  a b i l i t y .
( i i )  we need t o  know w ha t  each i t e m ,  o r  g r o u p  o f  i t e m s ,
i s  i n t e n d e d  t o  t e s t  i . e .  t h e  t e s t  must  have  
c o n t e n t  v a l i d i t y  i n  t e r m s  o f  a g r e e d  o b j e c t i v e s .
( i i i )  we need a method  o f  a n a l y s i n g  t h e  r e s u l t s  o f  t h e
t e s t  w h i c h  w i l l  r e v e a l  r e s p o n s e  p a t t e r n s  f o r  b o t h  
c o r r e c t  and i n c o r r e c t  r e s p o n s e s .
( i v )  we need t o  be a b l e  t o  i n t e r p r e t  t h e  t e s t  s c o r e s  i n  a 
m e a n i n g f u l  way i . e .  t h e  t e s t  must  have  c o n s t r u c t  
v a l i d i t y .
The  c o m p i l a t i o n  o f  t h e  m u l t i p l e - c h o i c e  t e s t s
UJe d e c i d e d  t o  c o m p i l e  tw o  s e p a r a t e  t e s t s ,  one on t h e  
c o n c e p t  o f  TmomenturnT. t h e  o t h e r  on t h e  c o n c e p t  o f  
1 e n e r g y  ’ •
To e n s u r e  t h a t  t h e  m a t e r i a l  i n c l u d e d  i n  t h e  tw o  t e s t s  was 
a p p r o p r i a t e ,  t h e  p u b l i s h e d  s p e c i f i c  o b j e c t i v e s  f o r  t h e  
□ - G r a d e  p h y s i c s  c o u r s e  (8 6 )  d e a l i n g  w i t h  momentum and 
e n e r g y  w e re  u sed  as a g u i d e  when s e l e c t i n g  t e s t  i t e m s .
The  s p e c i f i c  o b j e c t i v e s  f o r  N e w to n ia n  M e c h a n i c s  a r e  
r e p r o d u c e d  i n  f u l l  i n  A p p e n d i x  . B. b u t ,  f o r  c o n v e n i e n c e  
we l i s t ,  i n  T a b 1 e 7 . t h e  ones  we used  i n  m a k in g  up t h e  
t e s t s .  A d d i t i o n a l  s p e c i f i c  o b j e c t i v e s  were  p r e p a r e d  f o r  
H - G r a d e .  T h ese  a r e  g i v e n  i n  T a b l e  8 .
T a b l e  7 .  S p e c i f i c  o b j e c t i v e s  on momentum and e n e r g y  
f o r  S -G ra d e  P h y s i c s .
P u p i l s  s h o u l d  a c q u i r e  t h e  a b i l i t y  t o .
□ . 1  r e c a l l  t h a t  t h e  momentum o f  an o b j e c t  i s  t h e  
p r o d u c t  o f  i t s  mass and v e l o c i t y
0 . 2  r e c a l l  t h a t  momentum i s  a v e c t o r  q u a n t i t y
0 . 3  r e c a l l  t h a t  t h e  p r o d u c t  o f  a f o r c e  and t h e  
d i s t a n c e  moved a l o n g  i t s  l i n e  o f  a c t i o n  i s  a 
m e a s u r e  o f  t h e  work  done and o f  t h e  e n e r g y  t r a n s f e r r e d
0 . 4  r e c a l l  t h a t  e n e r g y  i s  a s c a l a r  q u a n t i t y
0 . 5  r e c a l l  t h a t  power  i s  t h e  r a t e  a t  w h i c h  e n e r g y  i s
t r a n s f e r r e d
0 . 6  r e c a l l  t h a t ,  f o r  t h e  s p e c i a l  case  o f  i n t e r a c t i o n s  i n
one  d i m e n s i o n ,  momentum i s  c o n s e r v e d  i n  a s y s t e m  t h a t
has  no e x t e r n a l  f o r c e s  a c t i n g  on i t
0 . 7  r e c a l l  t h a t  a c t i o n  and r e —a c t i o n  f o r c e s  a r e  e q u a l
i n  m a g n i t u d e  b u t  o p p o s i t e  i n  d i r e c t i o n
0 . 8  r e l a t e  a c t i o n  and r e - a c t i o n  p a i r s  o f  f o r c e s  t o  t h e  
o b j e c t s  on w h i c h  each f o r c e '  a c t s
0 . 9  c a l c u l a t e  t h e  k i n e t i c  e n e r g y  o f  a m o v in g  o b j e c t
g i v e n  i t s  mass and speed
0 . 1 0  c a l c u l a t e  t h e  chang e  i n  p o t e n t i a l  e n e r g y  o f  a mass 
moved i n  a g r a v i t a t i o n a l  f i e l d
0 . 1 1  a p p l y  t h e  Law o f  C o n s e r v a t i o n  o f  Momentum t o  t h e
s o l u t i o n  o f  s i m p l e  o n e - d i m e n s i o n a l  i n t e r a c t i o n  p r o b l e m s
0 . 1 2  s o l v e  s i m p l e  p r o b l e m s  on t h e  i n t e r c o n v e r s i o n  o f  k i n e t i c  
and p o t e n t i a l  e n e r g y
0 . 1 3  s o l v e  s i m p l e  n u m e r i c a l  p r o b l e m s  i n v o l v i n g  e n e r g y  
t r a n s f e r ,  w o rk  and power
0 . 1 4  i n t e r p r e t  some s i m p l e  p h y s i c a l  phenomena i n  t e r m s  
o f  momentum c o n s e r v a t i o n
0 . 1 5  c o m p a r e  e l a s t i c  and i n e l a s t i c  c o l l i s i o n s  i n  t e r m s  
o f  k i n e t i c  e n e r g y  c o n s e r v a t i o n
0 . 1 6  u se  t h e  f o l l o w i n g  t e r m s  c o r r e c t l y  i n  c o n t e x t :  e n e r g y ,  
p o t e n t i a l  e n e r g y ,  k i n e t i c  e n e r g y ,  a c t i o n ,  r e —a c t i o n ,  
momentum, c o n s e r v a t i o n ,  e l a s t i c  c o l l i s i o n ,  i n e l a s t i c  
c o l l i s i o n ,  w o r k ,  p o w e r ,  j o u l e ,  w a t t .
T a b l e  8 .  A d d i t i o n a l  s p e c i f i c  o b j e c t i v e s  on momentum 
and e n e r o v  f o r  H -G rade  P h y s i c s
P u p i l s  s h o u l d  a c q u i r e  t h e  a b i l i t y  t o  •
H . l  r e c a l l  t h a t  t h e  i m p u l s e  o f  a f o r c e  i s  t h e  p r o d u c t  
o f  t h e  f o r c e  and t h e  t i m e  f o r  w h i c h  i t  a c t s
H . 2  r e c a l l  t h a t  t h e  i m p u l s e  o f  a f o r c e  i s  m e a s u re d  by 
t h e  c h a n g e  i n  momentum i t  p r o d u c e s  i n  an o b j e c t
H . 3  r e l a t e  t h e  a v e r a g e  v a l u e  o f  an a p p l i e d  f o r c e  t o  t h e  
t i m e  f o r  w h i c h  t h e  f o r c e  a c t s  and t h e  ch a n g e  i n  
momentum i t  p r o d u c e s
H . 4  a p p l y   ^t h e  Law o f  C o n s e r v a t i o n  o f  Momentum t o  t h e  
s o l u t i o n  o f  s i m p l e  t w o - d i m e n s i o n a l  i n t e r a c t i o n  
p r o b l e m s
H .5  s o l v e  s i m p l e  n u m e r i c a l  p r o b le m s  i n v o l v i n g  t h e
i n t e r c o n v e r s i o n  o f  k i n e t i c  and p o t e n t i a l  e n e r g y  
i n  n o n - c o n s e r v a t i v e  s y s te m s
H* 6 i n t e r p r e t  some s i m p l e  p h y s i c a l  phenomena i n  t e r m s
o f  momentum c o n s e r v a t i o n  i n  more t h a n  one d i m e n s i o n
H . 7 i n t e r p r e t  f o r c e - t i m e  g r a p h s  b o t h  q u a l i t a t i v e l y  and 
q u a n t i t a t i v e l y
H . 8  i n t e r p r e t  v e l o c i t y - t i m e  g r a p h s  i n v o l v i n g  c o l l i s i o n s
H . 9  r e l a t e  e n e r g y - t i m e  g r a p h s  t o  t h e  c o r r e s p o n d i n g  
v e l o c i t y - t i m e  g r a p h s
We c o n s i d e r e d  t h a t  t h e  v a l i d i t y  and t h e  r e l i a b i l i t y  o f  t h e  
t e s t s  w o u l d  be e nha n ce d  by u s i n g  p r e t e s t e d ,  p u b l i s h e d  
i t e m s  i n  p r e f e r e n c e  t o  p r o d u c i n g  c o m p l e t e l y  o r i g i n a l  
( a n d  t h e r e f o r e  u n t e s t e d )  i t e m s .  A p p r o p r i a t e  t e s t  
i t e m s  f r o m  t h e  S . C . E .  0—Grade and H—Grade  e x a m i n a t i o n s  
w e r e  t h u s  i n c l u d e d  i n  b o t h  t h e  momentum and t h e  e n e r g y  
t e s t s .  S i n c e  o n l y  a f e w  s u i t a b l e  t e s t  i t e m s  w e re
a v a i l a b l e  f r o m  t h i s  s o u r c e ,  t h e  m a j o r i t y  o f  t h e  i t e m s  
u s e d  i n  t h e  t e s t s  w e re  s e l e c t e d  f r o m  an a l t e r n a t i v e  
s o u r c e  ( 8 8 )  o f  e q u i v a l e n t  s t a n d a r d *  W h i l e  t h e  use 
o f  p u b l i s h e d  t e s t  i t e m s  mus t  i n c r e a s e  t h e  l i k e l i h o o d  
t h a t  a num ber  o f  t h e  i t e m s  used  i n  t h e  t e s t s  had been  
s e e n  by p u p i l s  on some p r e v i o u s  o c c a s i o n ,  any b e n e f i c i a l  
e f f e c t  t h i s  may have  had on t h e  p u p i l s ’ p e r f o r m a n c e  
h a s  bee n  assumed t o  be n e g l i g i b l e .
Each t e s t  c o n s i s t e d  o f  40 i t e m s ,  each i t e m  h a v i n g  f i v e  
r e s p o n s e s .  Each i t e m  pas  s e l e c t e d  t o  t e s t  one o r  more
o f  t h e  s p e c i f i c  o b j e c t i v e s  l i s t e d  i n  t h e  t a b l e s  g i v e n  
a b o v e .  A l t h o u g h  t h e s e  o b j e c t i v e s  do n o t  a p p e a r  t o  be 
i n  a h i e r a r c h i c a l  o r d e r ,  an o b j e c t i v e  a p p e a r i n g  t o w a r d s  
t h e  end b f  t h e  l i s t  w i l l  o f t e n  i n c l u d e  one o r  more  o f  
t h e  e a r l i e r  o b j e c t i v e s  on t h e  l i s t .  F o r  e x a m p le ,  
o b j e c t i v e  11 i n  T a b l e  7 s t a t e s  t h a t  t h e  p u p i l  s h o u l d  
a c q u i r e  t h e  a b i l i t y  t o  ’’ a p p l y  t h e  l a w  o f  c o n s e r v a t i o n  
o f  momentum t o  t h e  s o l u t i o n  o f  s i m p l e  one d i m e n s i o n a l  
p r o b 1 emsJ* To d e m o n s t r a t e  t h a t  he has a t t a i n e d  t h i s  
o b j e c t i v e ,  t h e  p u p i l  mus t  a l s o  d e m o n s t r a t e  t h a t  he 
h a s  a c q u i r e d  t h e  a b i l i t y  t o  ’’ r e c a l l  t h a t ,  f o r  t h e  s p e c i a l  
c a s e  o f  i n t e r a c t i o n  i n  one d i m e n s i o n ,  momentum i s  
c o n s e r v e d  i n  a s y s te m  t h a t  has no e x t e r n a l  f o r c e  a c t i n g  
on i t ’’ ( o b j e c t i v e  6 ) ;  ’’ r e c a l l  t h a t  momentum i s  a v e c t o r  
q u a n t i t y ”  ( o b j e c t i v e  2) and ’’ r e c a l l  t h a t  t h e  momentum 
o f  an o b j e c t  i s  t h e  p r o d u c t  o f  i t s  mass and v e l o c i t y ”  
( o b j e c t i v e  l )
I n  t h e  same way,  t o  be a b l e  t o  ’’ s o l v e  p r o b l e m s  on t h e  
i n t e r c o n v e r s i o n  o f  k i n e t i c  and p o t e n t i a l  e n e r g y ”  
( o b j e c t i v e  1 2 ) ,  t h e  p u p i l  i s  l i k e l y  t o  have  t o  ’’ c a l c u l a t e  
t h e  k i n e t i c  e n e r g y  o f  a m o v in g  o b j e c t  o i v e n  i t s  mass and 
s p e e d ”  ( o b j e c t i v e  9 ) ,  and t o  ’’ c a l c u l a t e  t h e  ch a n g e  i n  
p o t e n t i a l  e n e r g y  o f  a mass moved i n  a g r a v i t a t i o n a l  
f i e l d ”  ( o b j e c t i v e  ID )  and ,  p e r h a p s ,  t o  ’’ r e c a l l  t h a t  
e n e r g y  i s  a s c a l a r  q u a n t i t y ”  ( o b j e c t i v e  4)
T h u s  any one t e s t  i t e m  may,  o f  n e c e s s i t y ,  be t e s t i n g  
m o re  t h a n  one s p e c i f i c  o b j e c t i v e .  F o r  s i m p l i c i t y ,  
h o w e v e r ,  e ach  i t e m  has  been shown,  i n  Table^JS, a g a i n s t  
t h e  h i g h e s t  o r d e r  o b j e c t i v e  t o  w h i c h  i t  a p p l i e s .
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T a b l B  9 — Momentum and e n e rg y  t e s t  i t e m s  r e l a t e d
t o  s p e c i f i c  o b j e c t i v e s
Ob i e c t i v e  Momentum T e s t  I t e m s  E n e rg y  T e s t  I t e m s
0 . 1  1,  2,  3,  4,  11 ,  21 ,  31 13,  1 8 ,  2 2 ,  3 3 ,  38
CM•O 1 3 ,  16 ,  27 7
0 . 3 3,  5,  9,  11 ,  
40
0 . 4 16 1,  16
0 . 5 30 ,  31
CO•o 5 ,  6 ,  7
0 . 7 17
0 . 8 1 8 .  25
0 . 9 11 ,  16 ,  21 ,  31 2,  6,  7 ,  8,
2 2 ,  3 3 ,  38
10 .  15
0 . 1 0<—1 
(—1 •
□ 8 ,  9 ,  14 ,  15 ,  30 26 ,  2 7 ,  29
0 . 1 2 1 7 ,  1 9 ,  2 0 ,
0 . 1 3 32
i—I •
o
0 . 1 5 26 26,  2 7 ,  28 ,
0 . 1 6 4
H . l
H.  2 12 ,  19
H. 3 2 0 ,  23 ,  24 ,  29 ,  32 ,  34 ,  35
H. 4 3 6 ,  38
25 .  36
H. 5
CO«X 37 ,  39
H. 7 2 2 ,  33
H .  8 10,  2 8 ,  40
39
34,  3 5 ,  37
H. 9
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When s e l e c t i n g  i t e m s  f o r  t h e  t e s t s ,  c a r e  was t a k e n  t o  
i n c l u d e  i t e m s  w h i c h  w o u ld  t e s t  t h e  t o p i c s  w h i c h  p r e v i o u s  
r e s e a r c h  had h i g h l i g h t e d  as p r o b le m  a r e a s .  T a b l e  ID 
show s  t h e  mean f a c i l i t y  v a l u e  o f  t h e  i t e m s  f r o m  t h e  
t w o  t e s t s  w h i c h  we re  c o n s i d e r e d  t o  be t e s t i n g  t h e s e  
t o p i c s .
T a b l e  10 — A re a s  o f  d i f f i c u l t y  f r o m  p r e v i o u s  r e s e a r c h
Wean f a c i l i t y  v a l u e
S4 S5 S6
D i f f e r e n c e  b e tw e e n  a 
v e c t o r  and a s c a l a r 0 . 4 1 0 . 5 7 0 . 5 9
I d e a  o f  c o n s e r v a t i o n  
o f  momentum 0 . 4 3 0 . 5 4 0 . 5 8
D i f f e r e n c e  b e tw e e n  e l a s t i c  
and i n e l a s t i c  c o l l i s i o n s 0 . 4 7 0 . 5 7 a • CD CD
I d e a  o f  k i n e t i c  and 
p o t e n t i a l  e n e r g y 0 . 5 0 0 . 6 1 0 . 6 3
D i f f e r e n c e  b e tw e e n  
e n e r g y  and pow er
0 . 4 4 0 . 5 6 0 . 5 9
The  r e s u l t s  show t h a t ,  i n  e v e r y  c a s e ,  t h e  p e r f o r m a n c e  
o f  p u p i l s  i n  S5 and S6 ( i . e .  H -G r a d e )  i s  s i g n i f i c a n t l y  
b e t t e r  ( t  >  2 . 6 9  o r  p <  O . O l )  t h a n  t h e  p e r f o r m a n c e  o f  
p u p i l s  i n  S4 ( i . e .  0 - G r a d e ) .
W h i l e  t h e s e  r e s u l t s  a r e  i n  g e n e r a l  a g r e e m e n t  w i t h  t h e  
r e s u l t s  o b t a i n e d  f r o m  t h e  p r e v i o u s  r e s e a r c h  s t u d y ,  
t h e r e  i s  one  i m p o r t a n t  d i f f e r e n c e .  F o r  each  g r o u p  
o f  p u p i l s ,  t h e r e  i s  no s i g n i f i c a n t  d i f f e r e n c e  i n  mean 
f a c i l i t y  v a l u e s  f o r  t h e  d i f f e r e n t  t o p i c s .  I n  
p a r t i c u l a r ,  t h e  p u p i l s  f o u n d ’ t h e  i d e a  o f  k i n e t i c  and 
p o t e n t i a l  e n e r g y ' w a s  n o t  s i g n i f i c a n t l y  e a s i e r  t h a n  
1 t h e  d i f f e r e n c e  b e tw e e n  e n e r g y  and p o w e r ’ •
Each  t e s t  i t e m  was g i v e n  an a p p r o p r i a t e  a b i l i t y  c a t e g o r y  
g r a d i n g  (A ,  B, C o r  D) a c c o r d i n g  t o  w h e t h e r  i t  i n v o l v e d  
k n o w l e d g e ,  c o m p r e h e n s i o n ,  a p p l i c a t i o n  o r  some h i g h e r  
a b i l i t y #  A g i v e n  s p e c i f i c  o b j e c t i v e  was g e n e r a l l y  
t e s t e d  a t  more  t h a n  one l e v e l #
T a b 1 e 11 shows  t h e  d i s t r i b u t i o n  o f  a b i l i t y  c a t e g o r i e s  
f o r  t h e  i t e m s  i n  each  t e s t #  I t  w i l l  be n o t e d  t h a t  t h e  
t w o  d i s t r i b u t i o n s  a r e  v e r y  s i m i l a r ,  so t h e  t e s t s  s h o u l d  
be o f  a p p r o x i m a t e l y  e q u a l  d i f f i c u l t y *  T h i s  was l a t e r  
c o n f i r m e d  by t h e  b e s t  r e s u l t s ,  w h ic h  showed t h e  same 
m e d i a n  mark  f o r  each  t e s t .
T a b l e  11 -  D i s t r i b u t i o n  o f  c a t e g o r i e s  f o r  t h e  i t e m s  i n  each  t e s t .
Momentum t e s t E n e rg y  t e s t
C a t e g o r y A B C D A B C D
Number o f  i t e m s 4 17 10 9 4 15 11 10
T h e  momentum t e s t  i s  r e p r o d u c e d  i n  f u l l  i n  A p p e n d i x  E 
w h i l e  t h e  e n e r g y  t e s t  i s  t o  be f o u n d  i n  A p p e n d i x  F # I n  
e a c h  c a s e  we h ave  p h o t o - r e d u c e d  t h e  o r i g i n a l  t y p e s c r i p t  
by 20%.
A d m i n i s t r a t i o n  o f  t h e  T e s t s
T h e  t e s t s  w e re  a d m i n i s t e r e d  t o  some 300 S . C . E .  0 - G r a d e  
and  H—G ra d e  p h y s i c s  c a n d i d a t e s  i n  t h r e e  s e p a r a t e  s c h o o l s  
w i t h i n  t h e  R e n f r e w  D i v i s i o n  o f  S t r a t h c l y d e  R e g io n #  The 
t e s t s  t o o k  p l a c e  i n  Flay — Ju ne  1977# The p u p i l s  w e re  
g i v e n  a p p r o x i m a t e l y  1 h o u r  t o  c o m p l e t e  each  t e s t  and 
w e r e  s u p e r v i s e d  by t h e  c l a s s  t e a c h e r #  The p u p i l s  
r e c o r d e d  t h e i r  a n s w e r s  on m a r k - s e n s e  c a r d s ,  w h i c h  w e re  
t h e n  p r o c e s s e d  by c o m p u t e r  i n  J o r d a n h i l l  C o l l e g e  o f  
E d u c a t i o n  t o  o b t a i n  a d e t a i l e d  i t e m - a n a l y s i s  f o r  each  
t e s t .  T a b l e  12 g i v e s  t h e  d e t a i l s  o f  t h e  nu m b e rs  o f  
p u p i l s  i n v o l v e d  i n  each  t e s t .  262 p u p i l s  s a t  b o t h  
t e s t s .
T a b l e  12 _ -  Number o f  p u p i l s  i n v o l v e d  i n  each t e s t .
Momentum t e s t E n e r g y  t e s t
S4 S5 S6 T o t a l S4 S5 SB T o t  a l
S c h o o l  A 97 60 0 157 81 59 0 140
S c h o o l  E 33 33 22 88 32 35 18 85
S c h o o l  C 42 17 0 59 57 17 0 74
T o t a l s 172 110 32 304 170 111 18 299
li ihen t h e  t e s t s  w e re  b e i n g  c o m p i l e d ,  i t  was assumed t h a t ,  
d u e  t o  t h e  t i m e  a p u p i l  w o u ld  r e q u i r e  t o  c o m p l e t e  e i t h e r  
t e s t ,  i t  w o u l d  o n l y  be p o s s i b l e  f o r  a p u p i l  t o  do one o r  
o t h e r  o f  t h e  tw o  t e s t s .  S i x  a n c h o r  i t e m s  w e re  t h e r e f o r e  
i n s e r t e d  i n t o  b o t h  t e s t s  so t h a t ,  by c o m p a r i n g  t h e  
r e l a t i v e  p e r f o r m a n c e  on t h e s e  common i t e m s ,  we c o u l d  
j u d g e  t h e  s i m i l a r i t y  o f  t h e  r e s p e c t i v e  t e s t  p o p u l a t i o n s .
As i t  t u r n e d  o u t ,  h o w e v e r ,  t h e  r e s p e c t i v e  t e s t  p o p u l a t i o n s  
w e r e  v e r y  s i m i l a r ,  as T a b l e  12 showed,  and t h e  a n c h o r  
i t e m s  w e r e  s c a r c e l y  n e c e s s a r y *  Mot s u r p r i s i n g l y ,  
p e r h a p s ,  t h e r e  was no s i g n i f i c a n t  d i f f e r e n c e  i n  
p e r f o r m a n c e  on t h e  tw o  t e s t s  f o r  t h e s e  s i x  a n c h o r  i t e m s *
T h e  a n c h o r  i t e m s  i n v o l v e d  b o t h  momentum and e n e r g y ,  and 
so c o u l d  r e a s o n a b l y  be i n c l u d e d  i n  e i t h e r  t e s t *  F o r  
e x a m p l e ,  i t e m  11 o f  t h e  momentum t e s t ,  w h i c h  i s  a l s o  
i t e m  13 o f  t h e  e n e r g y  t e s t ,  was as f o l l o w s : -
ftT h e  k i n e t i c  e n e r g y  o f  a 2 kg mass i s  IB  J*  What i s  
i t s  momentum ?
A 2 kgm s " 1 B 4 kgm s 1 C 8 kgm s 
D 16 kgm s ^ E 80 kgm s
B e c a u s e  t h e  s o l u t i o n  o f  such  i t e m s  i n v o l v e s  tw o  o r  more
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s t a g e s ,  t h e y  must  be c a t e g o r i s e d  as »D’ i t e m s .
A n a l y s i s  o f  t e s t  r e s u l t s
T a b l e  13 shows t h e  d i s t r i b u t i o n  o f  m a rks  f o r  each  s c h o o l  
t o g e t h e r  w i t h  t h e  o v e r a l l  marks d i s t r i b u t i o n  f o r  t h e  tw o  
t e s t s .  The same d a t a  i s  p r e s e n t e d  g r a p h i c a l l y  i n  
F i g u r e  3 and F i g u r e  A .
T a b l e  13 -  Summary o f  marks  i n  each t e s t
Momentum t e s t E n e rg y  t e s t
H i g h e s t













T o t  a l
39 37 33 39 39 37 31 39
L o w e s t
s c o r e 6 3 12 3 6 8 • 8 6
M e d i a n 21 20 22 21 21 20 21 21
A r i t h m e t i c
mean 2 2 . 1 2 1 .  A 2 2 .5 2 2 . 0 2 0 . 8 2 0 . 2 2 0 . 9 2 0 . 7
S t  and a r d  
d e v i a t i o n 7 . 8 3 6 .6 9 5 . 4 9 7 .1 2 6 .6 9 5 . 9 4 4 . 4 9 6 .0 0
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A ii — j
SCHOOL C n
16 24 32 40
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Mean s c o r e s  of  each y e a r  o r o u p  on each  t e s t
Momentum t e s t E n e rg y  t e s t
S4 S5 S6 T o t  a l S4 S5 S6 T o t  a l
S c h o o l  A I B . 7 2 7 . 8 - 2 2 .1 1 7 .9 2 4 . 9 2 0 . 8
S c h o o l  B 1 7 . 2 2 2 . 5 2 6 . 0 2 1 . 4 1 7 .4 2 0 . 5 2 4 . 5 2 0 . 2
S c h o o l  C 2 0 . 4 2 6 .7 - 2 2 .5 2 0 . 3 2 3 . 0 - 2 0 . 9
T o t  a l 1 8 . 8 2 6 . 1 2 6 .0 2 2 .0 1 8 .5 2 3 . 5 2 4 . 5 2 0 . 7
T a b l e  14 g i v e s  a summary o f  t h e  p u p i l s ’ p e r f o r m a n c e  i n  
e a c h  t e s t #  As t h i s  t a b l e  i n d i c a t e s ,  t h e r e  i s  no 
s i g n i f i c a n t  d i f f e r e n c e  i n  o v e r a l l  p e r f o r m a n c e  b e tw e e n  t h e  
t h r e e  s c h o o l s .  H ow e ve r ,  i f  we l o o k  a t  t h e  mean s c o r e s  
o f  e a c h  y e a r  g r o u p  on each t e s t  ( T a b l e  1 4 ) ,  we g e t  a 
v e r y  d i f f e r e n t  i m p r e s s i o n .  I t  becomes c l e a r  t h a t  t h e r e  
i s  a m a rk e d  d i f f e r e n c e  i n  p e r f o r m a n c e  when we com pare  
t h e  0 - G r a d e  p u p i l s  w i t h  t h e  H-Grade  p u p i l s .  We w i l l  
d i s c u s s  t h i s  d i f f e r e n c e  i n  more d e t a i l  l a t e r .
T a b l e  15 g i v e s  a summary o f  t h e  i t e m  a n a l y s i s  f o r  t h e  
momentum t e s t  and T a b l e  16 g i v e s  a s i m i l a r  summary f o r  
t h e  e n e r g y  t e s t .  I n  each t a b l e ,  t h e  f a c i l i t y  v a l u e s  
(F V )  and t h e  p o i n t  b i s e r i a l  c o r r e l a t i o n s  (PBC) a r e  
c a l c u l a t e d  f o r  t h e  r e s p e c t i v e  t e s t  p o p u l a t i o n .  The 
c r i t e r i o n  s c o r e s  i n d i c a t e ,  f o r  each i t e m ,  t h e  a v e r a g e  
s c o r e  ( o u t  o f  40)  o f  t h e  g r o u p  o f  p u p i l s  who had c h o s e n  
e a c h  o f  t h e  g i v e n  r e s p o n s e s .  The k e x  ( c o r r e c t  r e s p o n s e )  
f o r  e a c h  i t e m  i s  i n d i c a t e d  by •
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T a b l e 15 - Summ a r y  o>f I t em Ana ly s i s  f 'o r  F omentu m Te s t
No # FV PBC C r i t e r i o n Sc o r e s D i s t r a c t o r s  %
A B C D E A B C D E m s s
1 98 1 0 15 0 10 22 0 1 0 1 X X 0
2 98 1 0 14 11 22 14 0 1 1 X X 0 0
3 72 45 18 24 24 20 18 13 6 X X 5 2 1
4 53 3.0 19 19 21 24 20 22 6 12 X X 5 2
5 88 38 23 14 16 8 0 * * 2 9 1 0 0
6 78 54 11 16 24 17 17 1 6 X X 5 10 0
7 49 28 18 21 24 19 21 6 24 X X 11 9 2
8 65 58 25 16 17 14 6 * * 9 22 3 0 0
9 56 63 17 18 17 26 17 22 8 8 X X 4 2
ID 42 48 18 26 19 19 20 7 X X 13 11 22 6
11 88 38 16 18 23 17 0 1 8 X X 3 0 1
12 33 30 25 21 21 19 21 X X 17 24 8 10 7
13 40 46 19 18 26 24 21 48 3 X X 1 7 0
14 89 41 17 17 14 13 23 3 3 1 3 X X 0
15 58 50 19 15 17 25 14 20 5 12 X X 2 3
15 47 53 17 17 26 7 21 27 1 X X 1 24 1
17 7 11 22 21 25 21 22 22 15 X X 3 52 1
18 61 53 20 17 16 25 21 12 6 8 X X 5 8
19 62 53 19 25 17 17 22 10 X X 2 4 7 15
20 64 57 25 17 17 17 16 X X 10 13 4 5 4
21 84 32 18 16 14 14 23 6 3 6 2 X X 0
22 49 69 20 17 17 27 18 7 14 20 X X 4 5
23 66 59 17 25 17 18 16 5 X X 7 10 3 9
24 66 39 17 24 17 19 20 11 X X 10 5 4 5
25 56 32 24 20 20 21 19 X X 9 2 23 9 1
25 61 35 16 21 24 17 15 5 25 X X 7 1 1
27 13 28 21 18 19 23 27 5 7 7 29 X X
39
28 44 38 20 25 22 18 20 6 * * 9 17 10 14
29 62 54 17 16 25 18 21 5 7 X X 6 10 10
30 . 43 37 20 25 21 20 20 13 X X 10 10 9 14
31 37 33 22 18 21 25 17 22 11 23 # *
5 3
32 63 55 17 20 16 18 25 4 7
4 8 X X 14
33 44 25 21 24 22 19 24 16 X X
17 7 4 11
34 69 42 24 18 17 19 19 X X 6
4 6 3 13
35 41 47 20 22 18 26 19 15 6
5 X X 19 13
36 8 25 28 21 21 23 22 X X 9
6 45 15 17
37 54 46 18 25 20 13 21 8
X X 17 3 7 12
38 38 33 22 18 21 24 25
16 5 13 5 X X 23
39 35 42 20 26 21 22 21
21 X X 9 10 3 23
40 16 31 22 22 21 22 27
44 10 7 7 X X 17
T a b l e  16
PBC
Summary o f  I t e m A n a l y s i s f o r  E n e rq y T e s t
exf(o
98
No. FV C r i t e r i o n  Sc o r e s D i s t r a c t o r s
A B C D E A B C D E MISS
1 59 46 16 23 16 17 18 7 X X 10 10 13 1
2 98 36 20 11 17 12 21 0 0 1 1 X X 0
3 72 35 22 16 17 19 18 * * 5 11 4 7 0
4 83 49 18 14 15 22 16 2 10 2 X X 2 0
5 27 13 22 20 21 18 20 X X 11 41 6 13 2
6 42 47 16 18 19 24 20 4 39 11 X X 4 1
7 21 37 25 18 21 17' 13 X X 28 39 8 2 1
8 94 20 18 21 13 14 17 2 X X 1 2 1 0
9 27 33 24 19 19 22 23 X X 27 37 4 3 1
ID 71 34 18 22 17 22 18 18 3 3 X X 4 2
11 61 48 18 23 18 17 18 4 X X 6 14 12 3
12 39 45 18 19 18 24 18 24 13 8 X X 9 8
13 84 12 16 18 21 14 0 1 10 XX 4 0 1
14 71 34 17 17 12 16 22 19 1 2 3 X X 3
15 90 16 17 13 21 14 18 4 3 X X 1 1 1
16 31 48 16 20 19 19 25 5 3 25 31 X X 6
17 55 42 23 18 18 18 16 X X 18 16 4 6 0
18 44 49 17 17 24 17 19 26 3 XX 1 25 1
19 55 42 19 16 15 23 16 28 6 3 X X 4 4
20 51 22 18 20 22 21 19 12 5 XX 5 24 3
21 16 17 22 21 23 19 21 4 29 X X 42 6 2
22 76 39 18 14 16 19 22 11 3 7 2 X X 1
23 81 11 18 21 16 18 15 17 X X 1 1 1 0
24 56 62 19 16 24 17 17 2 2 X X 16 20 4
25 66 53 17 15 23 20 18 12 8 X X 7 4 4
26 39 44 24 17 18 18 20 X X 13 7 3 38 1
27 57 . 45 16 20 23 15 15 8 26 X X 4 4 0
28 84 49 16 22 17 16 20 4 X X 6 5 1 0
29 53 23 22 20 18 17 17 X X 32 6 6 2 1
30 72 35 17 15 20 22 18 2 5 10 X X 7 4
31 46 35 20 23 21 18 13 5 X X 8 35 1 5
32 51 39 16 16 20 23 20 15 6 10 X X 15 3
33 39 31 20 16 21 23 18 18 14 22 X X 4 3
34 37 55 19 25 19 12 15 43 X X 9 2 4 4
35 49 37 18 19 18 19 23 11 11 16 5 X X 8
36 10 2 17 18 18 21 23 3 16 8 X X 54 9
37 14 2 19 21 21 8 23 7 61 * * 1 4 13
38 29 14 20 22 21 19 21 12 X X 7 33 14 5
39 19 35 21 17 23 18 25 46 15 7 4 X X 9
40 2 16 17 21 22 23 27 20 42 15 13 X X 8
D i s c u s s i o n  o f  r e s u l t s
An a n a l y s i s  o f  t h e  r e s u l t s  o f  t h e  t e s t s  showed t h a t  t h e r e  
u/as v e r y  l i t t l e  s i g n i f i c a n t  d i f f e r e n c e  i n  o v e r a l l  p e r f o r m a n c e  
o f .  t h e  p u p i l s  f r o m  t h e  t h r e e  s c h o o l s  b u t ,  when t h e  S4 r e s u l t s  
and t h e  S5 r e s u l t s  w e re  c o n s i d e r e d  s e p a r a t e l y ,  i t  became 
c l e a r  t h a t  t h e  mean s c o r e  o f  t h e  S5 p u p i l s  was s i g n i f i c a n t l y  
g r e a t e r  t h a n  t h e  mean s c o r e  o f  t h e  S4 p u p i l s .  T h i s  was t r u e  
o f  a l l  t h r e e  s c h o o l s  i n  b o t h  t e s t s .  The mean s c o r e s  f o r  each  
t e s t  w e re  g i v e n  i n  T a b l e  1 4 . I n  a l l  c a s e s ,  t h e  r e s u l t s  we re  
s i g n i f i c a n t  a t  t h e  0 . 0 5  l e v e l  and ,  i n  s e v e n  o u t  o f  e i g h t  c a s e s ,  
a t  t h e  0 . 0 1  l e v e l .
The  d i s t r i b u t i o n  o f  t e s t  s c o r e s  f o r  t h e  momentum t e s t  i s  
shown i n  F i g u r e  5 . F o r  b o t h  t h e  54 and S5 g r o u p s ,  t h e  
d i s t r i b u t i o n  i s  e s s e n t i a l l y  n o r m a l ,  as i n d i c a t e d  by t h e  
c l o s e n e s s  o f  f i t  o f  a c a l c u l a t e d  n o r m a l  c u r v e  t o  t h e  
o r i g i n a l  d i s t r i b u t i o n .  By d r a w i n g  t h e  S4 and S5 
d i s t r i b u t i o n s  s e p a r a t e l y ,  t h e  s i g n i f i c a n t  i n c r e a s e  i n  
t h e  mean s c o r e  f r o m  S4 t o  S5 can  c l e a r l y  be s e e n .  The 
same s o r t  o f  i n f o r m a t i o n  f o r  t h e  e n e r g y  t e s t  i s  shown 
i n  F i g u r e  6 .









O' 4 8 12 16 20 24 28 32 36 40 Test score
110 S5 pupils
Frequency





Test score4028168 2412 200
101





S t.d ev . * 5.07
12 16 20 24 28 32 36 40 Test score
Frequency
111 S5 pupils




12 16 20 24 28 32 36 40 Test score
I t  i s  n o t  i m m e d i a t e l y  o b v i o u s  why t h e r e  s h o u l d  be su ch  
a m a rk e d  i m p r o v e m e n t  i n  mean s c o r e  f r o m  S4 t o  S5 f o r  b o t h  
t e s  l s . One s u g g e s t e d  e x p l a n a t i o n  was t h a t ,  s i n c e  b o t h  
t e s t s  c o n t a i n e d  i t e m s  s e l e c t e d  t o  t e s t  H—G rade  o b j e c t i v e s ,  
o n l y  t h e  S5 (H—G ra d e )  p u p i l s  m ou ld  be a b l e  t o  a t t e m p t  a l l  
t h e  i t e m s  i n  each t e s t  and m ou ld  t h e r e f o r e  be e x p e c t e d  
t o  a c h i e v e  a h i g h e r  s c o r e  t h a n  t h e  S4 ( 0 - G r a d e )  p u p i l s .  
A n o t h e r  s u g g e s t e d  e x p l a n a t i o n  mas t h a t  t h e  S4 g r o u p  
c o n t a i n e d  p u p i l s  f r o m  a much m i d e r  a b i l i t y  r a n g e  t h a n  
t h e  o t h e r  tmo g r o u p s .  To p u t  t h i s  a n o t h e r  may,  t h e  
l e s s  a b l e  p u p i l s  i n  p h y s i c s  a r e  ’ meeded o u t ’ by t h e  
□ - G r a d e  e x a m i n a t i o n  a t  t h e  end o f  S4, l e a v i n g  o n l y  t h e  
more  a b l e  p u p i l s  i n  p h y s i c s  t o  c o n t i n u e  t o  H -G r a d e  i n  
S5 ,  W h i l e  t h e r e  i s  c e r t a i n l y  a d e g r e e  o f  t r u t h  i n  
b o t h  t h e s e  s u g g e s t i o n s ,  n e i t h e r  o f  them can  be 
a c c e p t e d  as a c o m p l e t e  e x p l a n a t i o n  f o r  t h e  f o l l o m i n g  
r e a s o n s
( 1 )  A d e t a i l e d  i t e m  by i t e m  e x a m i n a t i o n  o f  t h e  t e s t  
r e s u l t s  r e v e a l e d  t h a t ,  f o r  b o t h  t e s t s ,  t h e  S4 
f a c i l i t y  v a l u e  o f  an i t e m  mas c o n s i s t e n t l y  l o m e r  
t h a n  t h e  c o r r e s p o n d i n g  S5 f a c i l i t y  v a l u e .  T h us  
t h e  l o m e r  mean s c o r e  f o r  54 p u p i l s  i s  n o t  s o l e l y  
due  t o  t h e i r  p o o r e r  p e r f o r m a n c e  on t h e  s p e c i f i c  
i t e m s  m h ic h  t e s t  H -G ra d e  o b j e c t i v e s ,
( 2 )  F o r  each t e s t ,  t h e i t e m s  a r r a n g e d  i n  o r d e r  o f  
d i f f i c u l t y  f o r  S4 p u p i l s  mere r a n k  c o r r e l a t e d
m i t h  t h e  same i t e m s  a r r a n g e d  i n  o r d e r  o f  d i f f i c u l t y  
f o r  S5 p u p i l s .  F o r  t h e  momentum t e s t ,  t h e  
c o r r e l a t i o n  c o e f f i c i e n t  mas 0 , 8 6 ,  m h i l e  f o r  t h e  
e n e r g y  t e s t  i t  maS 0 , 9 4 ,  T h i s  m ou ld  i n d i c a t e  
t h a t ,  i n  e i t h e r  t e s t ,  t h e  r e l a t i v e  d i f f i c u l t y  
o f  t h e  i t e m s  i s  much t h e  same f o r  e i t h e r  g r o u p ,
( 3 )  Of  t h e  172 S4 p u p i l s  i n v o l v e d  i n  t h e  momentum 
t e s t  ( o r  t h e  171 S4 p u p i l s  i n v o l v e d  i n  t h e  
e n e r g y  t e s t )  o n l y  6 p u p i l s  ( o r  l e s s  t h a n  4%) 
h a v e  s u b s e q u e n t l y  f a i l e d  t o  o b t a i n  a t  l e a s t
103 ,
a ! C! p a s s  *  i n  0 - G r a d e  p h y s i c s .  Th us  t h e  
p r o p o r t i o n  o f  t h e  S4 g r o u p  mho a r e  ’ weeded o u t 1 
by t h e  0 —G ra de  e x a m i n a t i o n  i s  r e a l l y  q u i t e  s m a l l #
A l s o ,  i n  t h e  s c h o o l s  i n v o l v e d  i n  t h e  t e s t s ,  t h e  
v a s t  m a j o r i t y  mho o b t a i n  a 1 CT p a s s  i n  0 —G ra d e  
p h y s i c s  m i l l  c o n t i n u e  m i t h  p h y s i c s  i n  S5.
T h u s  t h e  a b i l i t y  r a n g e  m i t h i n  t h e  S5 g r o u p  may n o t  be 
m a r k e d l y  d i f f e r e n t  f r o m  t h a t  i n  t h e  S4 g r o u p .
( 4 )  Some o f  t h e  o r i g i n a l  S4 g r o u p  mere  r e t e s t e d ,  u s i n g  
t h e  same t e s t s ,  a p p r o x i m a t e l y  one y e a r  l a t e r  mhen 
t h e y  mere  i n  S5.  The r e t e s t  r e s u l t s  shomed t h a t ,  
f o r  t h e  momentum t e s t ,  t h e i r  mean s c o r e  had 
i n c r e a s e d ,  b e tm e e n  S4 and S5,  f r o m  2 0 . 7  t o  2 9 . 8 ,  
w h i l e ,  f o r  t h e  e n e r g y  t e s t ,  t h e i r  mean s c o r e  
had i n c r e a s e d  f r o m  2 0 . 6  t o  2 7 . 8 .  A l t h o u g h  t h e  
40 p u p i l s  mho mere  r e t e s t e d  do n o t  c o n s t i t u t e  a 
ra n d o m  s a m p le  o f  t h e  o r i g i n a l  p o p u l a t i o n ,  t h e  
p r o p o r t i o n a t e  i n c r e a s e  i n  t h e i r  mean t e s t  s c o r e  
f r o m  S4 t o  S5 a l m o s t  e x a c t l y  m a t c h e s ,  f o r  e ach  
t e s t ,  t h e  c o r r e s p o n d i n g  i n c r e a s e  i n  mean t e s t  
s c o r e  o f  t h e  o r i g i n a l  S4 and S5 g r o u p s .
I t  w o u l d  a p p e a r ,  f r o m  t h e  e v i d e n c e  a v a i l a b l e ,  t h a t  a 
p u p i l Ts a b i l i t y  t o  h a n d l e  t h e  c o n c e p t s  o f  momentum 
i s  r e l a t e d  t o  t h e  age and e x p e r i e n c e  o f  t h e  p u p i l  i n  
t h e  s e n s e  t h a t  t h e  o l d e r ,  more  e x p e r i e n c e d  p u p i l  may 
be e x p e c t e d  t o  s c o r e  more  h i g h l y  i n  a m u l t i p l e - c h o i c e  
t e s t  i n v o l v i n g  t h e s e  c o n c e p t s .  I n  P i a g e t i a n  t e r m s ,  
we m i g h t  e x p l a i n  t h i s  by a g r e a t e r  p e r c e n t a g e  o f  
H - G r a d e  p u p i l s  b e i n g  a t  t h e  f o r m a l  o p e r a t i o n a l  l e v e l  
o f  c o g n i t i v e  d e v e l o p m e n t .  I n  A u s u b e l i a n  t e r m s ,  
we m i g h t  e x p l a i n  t h i s  by t h e  H—G ra d e  p u p i l s !
s  P u p i l s  a r e  a w a rd e d  an A— E g r a d e  i n  0 —G ra d e  p h y s i c s  
as f o l l o w s : -
A >, 70%, B = 6 0 -69 % ,  C = 50 -  59%, D = 40 -  49%,
E =  30 -  39%. A, B and C a r e  g e n e r a l l y  c o n s i d e r e d
as ’ p a s s 1 g r a d e s .
c o g n i t i v e  s t r u c t u r e  b e i n g  more e l a b o r a t e ,  and more  
m e a n i n g f u l l y  s t r u c t u r e d .  W h i l e  me p r e f e r  t h e  l a t t e r  
e x p l a n a t i o n ,  me f o u n d  l i t t l e  e m p i r i c a l  e v i d e n c e  i n  
t h e  t e s t  r e s u l t s  m h ic h  mou ld  c l e a r l y  s u b s t a n t i a t e  o r  
r e f u t e  one  o r  o t h e r  e x p l a n a t i o n .  We d i d  f i n d  some 
e v i d e n c e ,  h o w e v e r ,  t o  i n d i c a t e  t h a t ,  i n  i t e m s  m h ic h  
i n v o l v e d  d e f i n i t i o n s  o r  s u b s t i t u t i n g  num be rs  i n t o  a 
f o r m u l a ,  t h e r e  mas o f t e n  v e r y  l i t t l e  d i f f e r e n c e  i n  
s c o r e s  b e t w e e n  t h e  0 - G r a d e  g r o u p  and t h e  H -G ra d e  
g r o u p .  The i t e m s  m h ic h  showed t h e  g r e a t e s t  
d i f f e r e n c e  i n  mean s c o r e s  w e r e ,  i n  g e n e r a l ,  t h e  
o n e s  m h i c l h r e q u i r e d  a more m e a n i n g f u l  u n d e r s t a n d i n g  
o f  t h e  c o n c e p t s  and ones  m h ic h  r e q u i r e d  t h e  
m a n i p u l a t i o n  o f  r e l a t i o n s h i p s  b e tw e e n  c o n c e p t s .
P e r h a p s  t h e  m o s t  u s e f u l  s i n g l e  s t a t i s t i c  f o r  any g i v e n  
t e s t  i t e m  i s  i t s  f a c i l i t y  v a l u e  ( F . V . )  I n  t e r m s  
o f  t h e i r  o v e r a l l  F . 1 / . ,  t h e  t e s t  i t e m s  may be d i v i d e d  
i n t o  t h r e e  g r o u p s  -  e a s y . a v e r a o e  and d i f f i c u l t  i t e m s .  
T E a s y ’ i t e m s  w e re  t h o s e  w i t h  an o v e r a l l  F . V .  g r e a t e r  
t h a n  0 . 7  and ’ d i f f i c u l t T i t e m s  mere t h o s e  w i t h  an 
o v e r a l l  F . V .  l e s s  t h a n  0 . 3 .  R e c a l l i n g  t h a t  H -G r a d e  
p u p i l s  d i d  s i g n i f i c a n t l y  b e t t e r  on b o t h  t e s t s  t h a n  
0 —G ra d e  p u p i l s ,  t h e  H -G r a d e  F . V .  and t h e  0 —G ra de  F . V .  
f o r  each  t e s t  i t e m  mas c a l c u l a t e d .  Each o f  t h e  t h r e e  
p r e v i o u s  g r o u p s  o f  i t e m s  can  t h e n  be d i v i d e d  i n t o  
s u b - g r o u p s  by c o n s i d e r i n g  t h e  d i f f e r e n c e  b e tw e e n  t h e  
H - G r a d e  F . V .  and t h e  0 - G r a d e  F . V .  f o r  each  i n d i v i d u a l  
i t e m .  T a b l e  17 shows t h e  o v e r a l l  p a t t e r n  w h i c h  
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From a c o n s i d e r a t i o n  o f  t h e  i t e m s  w h i c h  a p p e a r  i n  t h e  
\ e a s y * g r o u p ,  i t  may be i n f e r r e d  t h a t  c e r t a i n  
o b j e c t i v e s  g i v e n  i n  T a b l e  7 a r e  l i k e l y  t o  be a c h i e v e d  
by m os t  p u p i l s .  F o r  e x a m p l e : -
( i )  P u p i l s  can  r e c a l l  and a p p l y  t h e  r e l a t i o n s h i p s  
P  = mv and E^ = ^  mv . T h i s  a b i l i t y  was
d e m o n s t r a t e d  e x p l i c i t y  i n  su ch  i t e m s  as 
I t e m  2- Momentum T e s t  C a t e g o r y  B 
0 - G r a d e  F . V .  = 0 . 9 7  H -G ra d e  F . V .  = 0 . 9 9
"T h e  masses  and v e l o c i t i e s  o f  f i v e  m o v in g  t r o l l e y s
a r e  g i v e n  b e l o w : -
( i )  4 kg  m o v in g  a t  6 m s~J
( i i )  5 kg m o v in g  a t  5 m s__^
( i i i )  6 kg  m o v in g  a t  4 m s ^
( i v )  3 kg m o v in g  a t  9 m s~
( v )  8 kg  m o v in g  a t  3 m s ”
The t r o l l e y  w i t h  t h e  g r e a t e s t  momentum i s
A . ( i )  B . ( i i )  C . ( i i i )  D# ( i v )  E . ( v )  "
I t e m  28 -  E n e r g y  T e s t  C a t e g o r y  D
0 - G r a d e  F . V .  = 0 . 7 9  H -G ra d e  F . V .  = 0 . 8 8
"A  2 kg  t r o l l e y  m o v in g  a t  2 m s ^ c o l l i d e s  w i t h  
a 2 kg  s t a t i o n a r y  t r o l l e y .  They  s t i c k  t o g e t h e r  
and move o f f  w i t h  a v e l o c i t y  o f  1 m s I n  t h i s
c o l l i s i o n  t h e  k i n e t i c  e n e r g y  l o s t  i s  -
A. 1J  B . 2 J  C .3 J  D.  4 J E.  8J "
The  f o l l o w i n g  a n c h o r  i t e m s  a l s o  c o n f i r m e d  t h i s  a b i l i t y .
I t e m  11 -  Momentum T e s t  C a t e g o r y  D 
0 —G rade  F .W .  = 0 . 8 6  H—G rade  F . V .  = 0 . 9 1
"T h e  k i n e t i c  e n e r g y  o f  a 2 kg mass i s  1 BJ .  What
i s  i t s  momentum?
A. 2 kg  m s ” 1 B . l  kg  m s ” 1 C .8  kg  m s 1
D. I B  kg m s” 1 E.  80 kg m s ” 1 "
I t e m  21 -  Momentum T e s t  C a t e g o r y  D 
□ - G r a d e  F . V .  = p . 81 H -G ra d e  F . V .  = 0 . 8 2
!,I f  t h e  momentum o f  a b a l l  o f  mass 0 . 5  kg i s
5 . 0  kg  m s \  i t s  k i n e t i c  e n e r g y  i s
A. 2 . 5 J  B. 5 . 0 J  C . 6 . 2 5 J  D.  1 2 . 5J E.  25J  "
( i i )  P u p i l s  can  a p p l y  t h e  c o n s e r v a t i o n  o f  momentum 
r e l a t i o n s h i p s  i n  c a s e s  whe re  t h e  c o l l i s i o n  
i n v o l v e s  no chan ge  o f  d i r e c t i o n  o r  w h e re  t h e  
d i r e c t i o n  o f  m o t i o n  a f t e r  t h e  c o l l i s i o n  i s  g i v e n .  
T h i s  a b i l i t y  was d e m o s t r a t e d  i n  such  i t e m s  as 
I t e m  5 — Momentum T e s t  C a t e g o r y  B 
□ - G r a d e  F . V .  = 0 . 8 5  H -G ra d e  F . V .  = 0 . 9 2
"A  m i n i - c a r  o f  mass 400 k g ,  t r a v e l l i n g  a t  20 m s \
h i t s  a n o t h e r  c a r  o f  mass BOO kg w h i c h  i s  a t  r e s t  
on an i c y  r o a d .  The c a r s  l o c k ,  bum per  t o  b u m p e r .  
T h e i r  common v e l o c i t y  i m m e d i a t e l y  a f t e r  t h e  
c o l l i s i o n  i s
A. 8 m s ’" 1 B# 12 m s 1 C. 13^- m s 1
D# 3 0 m s 1 E,  5 0 m s l f f
I t e m  6 -  Momentum T e s t  C a t e g o r y  B 
□—G ra de  = 0 . 7 1  H—G ra de  F , V .  = 0 .8 B
v A b a l l  o f  mass 5 kg  t r a v e l l i n g  a t  4 m s 1 
c o l l i d e s  w i t h  a s t a t i o n a r y  b a l l  o f  mass 3 k g .
A f t e r  t h e  c o l l i s i o n  t h e  5 kg  b a l l  i s  s t i l l  
t r a v e l l i n g  i n  t h e  same d i r e c t i o n ,  b u t  a t  1 m s 
The  3 kg b a l l  i s  now a l s o  t r a v e l l i n g  i n  t h i s  
d i r e c t i o n ,  w i t h  a v e l o c i t y  o f
A. 1 m s _1 B.  3 m s 1 C,  5 m s 
D# m s ’" 1 E. ^  m s ” 1 "
108.
( i i i ) P u p i l s  can  r e c a l l  t h e  r e l a t i o n s h i p  
1 e n e r g y  = f o r c e  x d i s t a n c e ’ and can  a p p l y  i t
t o  t h e  c a l c u l a t i o n  o f  t h e  g a i n  i n  E. o r  Ek p
i n  s i m p l e  n u m e r i c a l  c a s e s .
T h i s  a b i l i t y  was d e m o n s t r a t e d  i n  su ch  i t e m s  as
I t e m  3 -  E n e r g y  T e s t  C a t e g o r y  A 
0 - G r a d e  F .1/ .  = 0 . 6 9  H -G ra d e  F . V .  = 0 . 7 8
’’ W h ich  e x p r e s s i o n  r e p r e s e n t s  e n e r g y ?
A f o r c e  x d i s t a n c e  
B mass x v e l o c i t y  
C f o r c e  x t i m e  
D mass x a c c e l e r a t i o n
E f o r c e  x v e l o c i t y  ”
I t e m  14 -  E n e r g y  T e s t  C a t e g o r y  B 
0 - G r a d e  F . V .  = 0 . 6 6  H -G r a d e  F . V .  = 0 . 7 7
’’ F i v e  b o d i e s ,  i n i t i a l l y  a t  r e s t ,  a r e  a c t e d  on by 
f i v e  d i f f e r e n t  u n b a l a n c e d  f o r c e s  t h r o u g h  t h e  
d i s t a n c e s  shown i n  t h e  f o l l o w i n g  d i a g r a m .
























I t e m  15 -  E n e rg y  T e s t . C a t e g o r y  B. 
0 - G r a d e  F . V .  = 0 . 8 8  H -G rad e  F . V .  = 0 . 9 2
MA b ox  o f  mass 5 kg i s  p u l l e d  up a s l o p e
0.5m
box
N e g l e c t i n g  f r i c t i o n ,  t h e  p o t e n t i a l  e n e r g y  g a i n e d  i s
A. a . 5 J B. 1 5 J C. 25J D. 150J  E.  175 J  "
liie now c o n s i d e r  i t e m s  w h i c h  a p p e a r  i n  t h e  f d i f f i c u l t ’
g r o u p  i n  T a b l e  1 5 . I f  i t e m s  i n  t h e  ’ e a s y ’ g r o u p  showed
w h a t  t h e  p u p i l s  d i d  u n d e r s t a n d ,  t h e n  i t  w o u ld  be
r e a s o n a b l e  t o  assume t h a t  i t e m s  i n  t h e  ’ d i f f i c u l t ’
1 ■ *' " » ' *  - ..........
g r o u p  showed w h a t  t h e  p u p i l s  d i d  n o t  u n d e r s t a n d .  
M o r e o v e r ,  i t  was n o t e d  t h a t  75 %  o f  t h e  i t e m s  
a p p e a r i n g  i n  t h e  ’ e a s y ’ g r o u p  w e re  c a t e g o r y  A o r  
c a t e g o r y  B i t e m s ,  w h i l e  85/o o f  t h e  i t e m s  a p p e a r i n g  
i n  t h e  ’ d i f f i c u l t ’ g r o u p  w e re  c a t e g o r y  C o r  c a t e g o r y  D 
i t e m s ,  liie m i g h t  s u s p e c t ,  t h e r e f o r e ,  t h a t  t h e  r e a s o n  
why t h e  p u p i l s  f o u n d  t h e s e  i t e m s  d i f f i c u l t  was ,  i n  some 
way ,  a s s o c i a t e d  w i t h  t h e i r  i n a b i l i t y  t o  s e l e c t  t h e  
a p p r o p r i a t e  c o n c e p t  o r  p r i n c i p l e  o r  t o  m a n i p u l a t e  more
t h a n ,  one  c o n c e p t  o r  p r i n c i p l e  a t  t h e  same t i m e .  T h i s
s o r t  o f  a b i l i t y  w o u ld  c e r t a i n l y  be r e q u i r e d  t o  a n s w e r  
su c h  i t e m s  a s :
I t e m ’ 9 -  E n e rg y  T e s t  C a t e g o r y  C
0 - G r a d e  E . V .  = 0 . 2 2  H -G rad e  F . V .  = 0 . 3 3
” Tu;o b o d i e s  P, o f  mass m, and Q, o f  mass 2m, a r e
m o v in g  i n  t h e  same d i r e c t i o n .  Each has  t h e  same 
k i n e t i c  e n e r g y .  I f  t h e  same d e c e l e r a t i n g  f o r c e  i s  
a p p l i e d  t o  e a c h ,  hou  do t h e  s t o p p i n g  d i s t a n c e s  S 
and Sq co m p a re  ?
A. S = S B. S = 2s C. S = t s D s = 4 S 
p q P q p q p q
F s _ fr
* P "  4 P
I t e m  38 -  E n e r g y  T e s t , C a t e g o r y  D
0 - G r a d e  F . U .  = D .3 1  H -G ra d e  F , V .  = 0 , 2 5
uTwo m o v in g  b o d i e s ,  P and Q, have  t h e  same momentum 
b u t  t h e  k i n e t i c  e n e r g y  o f  P i s  t w i c e  t h e  k i n e t i c  
e n e r g y  o f  Q, The mass o f  P i s  :
A, one q u a r t e r  t h e  mass o f  Q
B, one h a l f  t h e  mass o f  Q
C, t h e  same as t h e  mass o f  Q
D, t w i c e  t h e  mass o f  Q
E, f o u r  t i m e s  t h e  mass o f  Q ,r
The  i t e m  a n a l y s i s  p r o v i d e s  an i m p o r t a n t  c l u e  as t o  
w h a t  i s  h a p p e n i n g .  The p a t t e r n  o f  r e s p o n s e s  shows 
t h a t ,  a l t h o u g h  a l l  t h e  d i s t r a c t o r s  a r e  f u n c t i o n i n g ,  
a t  l e a s t  one o f  t h e s e  d i s t r a c t o r s  i s  a t t r a c t i n g  an
u n d u l y  l a r g e  p e r c e n t a g e  o f  t h e  t o t a l  r e s p o n s e s ,  and
i s  p r o v i n g  more p o p u l a r  t h a n  t h e  k e y  r e s p o n s e .
F o r  e x a m p l e ,  i n  i t e m  9 i n  t h e  e n e r g y  t e s t ,  t h e
p a t t e r n  o f  r e s p o n s e s  was as f o l l o w s :
A B C D E
0 - G r a d e 22 34 35 4 4
H -G ra d e 33 17 41 5 2
The p o p u l a r i t y  o f  r e s p o n s e  C (a n d  a l s o  r e s p o n s e  B 
a t  0 - G r a d e )  i n d i c a t e s  t h a t  t h e  r e a l  s o u r c e  o f  t h e  
p u p i l s '  d i f f i c u l t y  l i e s  i n  t h e i r  a s s u m p t i o n  t h a t  
t h e  masses  o f  P and Q a r e  somehow i n v o l v e d .  I n  
f a c t  t h e  masses  o f  P and Q a r e  r e d u n d a n t  i n f o r m a t i o n  
i n  t h i s  i t e m .
I t  i s  c e r t a i n l y  t r u e  t h a t  t e a c h e r s  i m p r e s s  on t h e i r  
p u p i l s  t h a t  a l l  t h e  i n f o r m a t i o n  g i v e n  i n  t h e  s tem  o f  
an i t e m  i s  e s s e n t i a l  i n f o r m a t i o n .  P u p i l s  s e ld o m  meet  
i t e m s  w i t h  r e d u n d a n t  i n f o r m a t i o n ,  so t h e y  f i n d  i t  
d i f f i c u l t  t o  i g n o r e  su ch  i n f o r m a t i o n ,  u n l e s s  t h e y  can  
a n a l y s e  t h e  s i t u a t i o n  w e l l  enough  t o  c o n v i n c e  
t h e m s e l v e s  t h a t  t h e  i n f o r m a t i o n  i s  r e a l l y  r e d u n d a n t .
I n  t h e  above  i t e m ,  i t  w o u ld  a p p e a r  mos t  D—G rade  p u p i l s  
f a i l e d  t o  r e c o g n i s e  t h e  p r i n c i p l e  i n v o l v e d .
The  p a t t e r n  o f  r e s p o n s e s  f o r  i t e m  38 o f  t h e  e n e r g y  
t e s t  showed t h a t  r e s p o n s e  D a t t r a c t e d  41% o f  H -G r a d e  
r e s p o n s e s  and 29% o f  0 - G r a d e  r e s p o n s e s .  To e x p l a i n  
t h e  p o p u l a r i t y  o f  t h i s  r e s p o n s e  we m i g h t  assume t h a t  
t h e  p u p i l s  i n t e r p r e t e d  ’ same momentum’ as i m p l y i n g  
’ same s p e e d ’ , b u t  a more  l i k e l y  e x p l a n a t i o n  w o u ld  be 
t h a t  t h e y  r e c o g n i s e d  i n t u i t i v e l y  t h a t  t h e  c o r r e c t  
r e s p o n s e  was e i t h e r  B o r  D and s i m p l y  g u e s s e d .  I f  
we a c c e p t  t h e  l a t t e r  e x p l a n a t i o n ,  t h e n  t h e  p u p i l s  
who g a v e  r e s p o n s e  B w e re  a l s o  g u e s s i n g  i n  m os t  c a s e s ,  
Uie s u s p e c t  t h a t  t h e  r i g o r o u s  l o g i c a l  a n a l y s i s  r e q u i r e d  
i n  t h i s  i t e m  was n o t  c a r r i e d  o u t  by many p u p i l s .
The  p a t t e r n . ' o f  r e s p o n s e s  can  o f t e n  p r o v i d e  u s e f u l  
d i a g n o s t i c  i n f o r m a t i o n  a b o u t  t h e  n a t u r e  o f  t h e  p u p i l s ’ 
u n d e r s t a n d i n g .  F o r  e x a m p l e ,  i t e m  7 o f  t h e  e n e r g y  
t e s t  showed  t h e  f o l l o w i n g  p a t t e r n  o f  r e s p o n s e s .
A
□ - G r a d e  16 
H -G r a d e  30








I t e m  7 -  E n e r g y  T e s t  C a t e g o r y  D
0 - G r a d e  F . V .  = 0 , 1 6  H -G r a d e  F . V .  = 0 , 3 0
T w o  m a s s e s ,  m and 2m, m o v in g  a l o n g  a f r i c t i o n l e s s  
h o r i z o n t a l  s u r f a c e ,  c o l l i d e  and come t o  r e s t .  B e f o r e  
t h e  c o l l i s i o n  t h e  sp e e d  and k i n e t i c  e n e r g y  o f  t h e  masses
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Speed K i n e t i c  E n e r g y
A m had g r e a t e r m had g r e a t e r
B b o t h  had same 2m had g r e a t e r
C m had g r e a t e r b o t h  had same
D b o t h  had same b o t h  had same
E 2m had g r e a t e r b o t h  had same
liie can  g e t  i n f o r m a t i o n  a b o u t  t h e  p u p i l s ’ k n o w l e d g e  o f  
b o t h  momentum and k i n e t i c  e n e r g y  f r o m  t h i s  i t e m .  liie 
c a n  see f r o m  t h e  p a t t e r n  o f  r e s p o n s e s  t h a t  r e s p o n s e s  
A, B and C a r e  much more  p o p u l a r  t h a n  r e s p o n s e s  
D and E.  T h i s  s u g g e s t s  t h a t  m os t  p u p i l s  have  
c o r r e c t l y  a p p l i e d  t h e  momentum i n f o r m a t i o n  t o  d ed u ce  
t h a t ,  b e f o r e  t h e  c o l l i s i o n ,  m had t h e  g r e a t e r  sp eed  
( r e s p o n s e s  A and C ) .  C o m p a r in g  t h e  r e s p o n s e s  t o  
B and D, we see  t h a t  most  p u p i l s  have  c o r r e c t l y  
c o n c l u d e d  t h a t ,  i f  t h e  masses  b o t h  had t h e  same 
s p e e d ,  t h e n  t h e  2m mass had g r e a t e r  k i n e t i c  e n e r g y .
The  p a t t e r n  o f  r e s p o n s e s  l e a d s  us t o  c o n c l u d e  t h a t ,  
w h i l e  o n l y  a m i n o r i t y  o f  p u p i l s  c o u l d  do b o t h  p a r t s ,  
m o s t  p u p i l s  c o u l d  do e i t h e r  t h e  momentum p a r t  o r  t h e  
e n e r g y  p a r t .
The  d i f f i c u l t y  i n  t h i s  i t e m  f o r  mos t  p u p i l s  i s  
c o m b i n i n g  t h e  momentum .and t h e  k i n e t i c  e n e r g y  p a r t s .
The same d i f f i c u l t y  i s  e v i d e n t  i n  i t e m s  38 and 39 o f  t h e  
e n e r g y  t e s t .
UJe h a v e  a l r e a d y  c o n s i d e r e d  i t e m  3 8 .  I n  i t e m  39 ,  
by f a r  t h e  m os t  common r e s p o n s e  was A, w h i c h  w o u ld  
be a c o r r e c t  r e s p o n s e  i f  we c o n s i d e r e d  o n l y  momentum 
b e i n g  c o n s e r v e d . R e sp on se  B, w h i c h  was a l m o s t  as 
p o p u l a r  as t h e  k e y  r e s p o n s e  E, w o u ld  be a c o r r e c t  
r e s p o n s e  i f  we o n l y  c o n s i d e r e d  k i n e t i c  e n e r g y  
b e i n g  c o n s e r v e d .
liie s u s p e c t ,  t h e r e f o r e ,  t h a t  a p o s s i b l e  ca u s e  o f  d i f f i c u l t y
i s  t h e  amoun t  o f  i n f o r m a t i o n  w h i c h  t h e  p u p i l  has  t o  keep
i n  m in d  when s o l v i n g  t h e  p r o b l e m .  T h i s  may be
e x p l a i n e d  i n  t e r m s  o f  1 i n f o t m a t i o n  o v e r l o a d 1 o f  t h e
w o r k i n g  memory ,  as J o h n s t o n e  ( 7 4 )  has  s u g g e s t e d ,  
liie w i l l  l o o k  f o r  f u r t h e r  e v i d e n c e  o f  t h i s  i n  o t h e r  
i t e m s .
I t e m  5 o f  t h e  e n e r g y  t e s t  g ave  v e r y  d i s a p p o i n t i n g  r e s u l t s  
a t  b o t h  0 - G r a d e  and H - G r a d e .
I t e m  5 -  E n e r g y  T e s t  C a t e g o r y  C
0 - G r a d e  F . V .  = 0 . 2 9  H -G rad e  F . V .  = 0 . 2 7
MA j o u l e  i s  t h e  e n e r g y  r e q u i r e d  t o
A. move a 1kg mass 1m a g a i n s t  a f r i c t i o n  f o r c e  o f  IN
B. g i v e  a s t a t i o n a r y  1kg mass a v e l o c i t y  o f  lm s - ^
C. r a i s e  a 1kg mass t h r o u g h  a v e r t i c a l  d i s t a n c e  o f  lm
D. b r i n g  a 1kg mass m o v in g  a t  lm s t o  r e s t  i n  lm
_2
E. a c c e l e r a t e  a 1kg mass a t  lm s f o r  lm  11
\
The p a t t e r n  o f  r e s p o n s e s  t o  t h i s  i t e m  was as f o l l o w s : -
A B C D E
- 0 - G r a d e  29 12 39 4 14
H -G r a d e  27 10 38 9 14
The m o s t  p o p u l a r  r e s p o n s e ,  C, c l e a r l y  i n v o l v e s  p o t e n t i a l  
e n e r g y  and t h i s  may e x p l a i n  i t s  p o p u l a r i t y .  To see why 
r e s p o n s e  C i s  w r o n g ,  t h e  p u p i l  must  a r g u e  t h a t  t h e  1kg 
mass h as  a w e i g h t  o f  ION and t h u s  t h e  e n e r g y  i n v o l v e d  
i s ' l O N m  o r  1 0 J .  S i m i l a r l y ,  t o  r u l e  o u t  r e s p o n s e  B, 
t h e  p u p i l  m us t  a r g u e  t h a t  t h e  1kg mass m o v in g  a t  lm s 
h a s  g a i n e d  an amoun t  o f  k i n e t i c  e n e r g y  g i v e n  by 
Ek = Jrmv2 = J r ( l ) ( l ) 2 = 0 . 5 J .
R e s p o n s e  D i s  w ron g  f o r  t h e  same r e a s o n ,  and t h e  
! i n  lm 1 i s  r e d u n d a n t  i n f o r m a t i o n .  Response  E i s  
w ro n g  b e c a u s e  i t  i s  a d e f i n i t i o n  o f  f o r c e ,  n o t  e n e r g y ,
I t  has s ince  been p o in te d  out  t h a t  response E i s ,  i n  f a c t ,  c o r r e c t  and 
' t h a t  the i tem has two c o r r e c t  answers.  . y
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a l t h o u g h  t h e  a d d i t i o n a l  p h r a s e  ’ f o r  l m ’ w o u ld  make some 
p u p i l s  h e s i t a t e  t o  r u l e  i t  o u t *  F i n a l l y  t h e  c o r r e c t  
r e s p o n s e ,  A, c o n t a i n s  r e d u n d a n t  i n f o r m a t i o n  -  
t h e  ’ 1kg m a s s ’ can  be i g n o r e d .  A l l  t h e  r e s p o n s e s ,  
e x c e p t  C, assume t h a t  t h e  m o t i o n  i s  t a k i n g  p l a c e  i n  a 
h o r i z o n t a l  p l a n e .
When we c o n s i d e r  i n  d e t a i l  wha' t may be i n v o l v e d  i n  
a n s w e r i n g  t h i s  i t e m ,  t h e  p o s s i b i l i t y  o f  ’ i n f o r m a t i o n  
o v e r l o a d ’ becomes o b v i o u s .
liie have  m e n t i o n e d  t h e  p r o b l e m  o f  r e d u n d a n t  i n f o r m a t i o n  
a p p e a r i n g  i n  t h e  s tem  o f  an i t e m .  I t e m  27 o f  t h e  
momentum t e s t  i l l u s t r a t e s  t h e  o p p o s i t e  p r o b l e m .  H e re  
e s s e n t i a l  i n f o r m a t i o n  -  t h e  d u r a t i o n  o f  t h e  c o l l i s i o n  -  
was n o t  g i v e n  i n  t h e  s t e m .  As a r e s u l t ,  t h e r e  i s  no 
c o r r e c t  a n s w e r ,  a l t h o u g h  r e s p o n s e  E was t a k e n  t o  be t h e  
k e y  i n  t h e  i t e m  a n a l y s i s  p r o g r a m .
liJe now c o n s i d e r  t h e  r e m a i n i n g  g r o u p  o f  t e s t  i t e m s  w h i c h  
had  a F . V .  b e tw e e n  0 . 3  and 0 . 7 .  As T a b l e  17 s h o w s ,  
a b o u t  one  q u a r t e r  o f  t h e s e  ’ a v e r a g e ’ i t e m s  t u r n e d  o u t  
t o  h a v e  a d i f f e r e n c e  b e tw e e n  t h e  0 - G r a d e  F . V ,  and t h e  
H - G r a d e  F . V .  o f  more t h a n  0 . 3 ,  F iost  o f  t h e s e  i t e m s
o c c u r r e d  i n  t h e  momentum t e s t  and t h e  m os t  l i k e l y
e x p l a n a t i o n  i s  t h a t  t h e s e  i t e m s  a r e  t e s t i n g  s p e c i f i c a l l y  
H -G r a d e  o b j e c t i v e s .  F o r  e x a m p le  :
I t e m  20 -  Momentum T e s t  C a t e g o r y  B
0 - G r a d e  F . V .  = 0 . 5 0  H -G r a d e  F . V .  = 0 . 8 5
” A mass o f  2kg i s  b r o u g h t  t o  r e s t  i n  0 . 1 s  by a c o n s t a n t  
f o r c e  o f  I N .  What was t h e  v e l o c i t y  o f  t h e  mass b e f o r e  
t h e  f o r c e  bega n  t o  a c t ?
A. 0 .0 5 m  s " 1 B.  0 .1 m  s " 1 C. 0 .2m s ” 1 D.  10m s 1
E. 20m s '"1 ”
I t e m  29 -  Momentum T e s t  C a t e g o r y  B 
0 - G r a d e  F . V .  = 0 . 4 7  H -G rad e  F . U .  = p . 82
TTThe momentum o f  a t r o l l e y  o f  mass 4kg i s  c h a n g e d  f r o m  
6kg m s t o  24 kg m s ^ by a c o n s t a n t  f o r c e  o f  3N.
F o r  how l o n g  does  t h e  f o r c e  a c t  on t h e  t r o l l e y  t o  
c a u s e  t h i s  momentum chan ge?
A. 1 . 5 s  B.  2s C. 6s D 8s E 24s  ”
I f  t h e s e  i t e m s  a r e  t e s t i n g  s p e c i f i c a l l y  H -G r a d e  o b j e c t i v e s ,  
t h e n  we m i g h t  w o n d e r  why t h e  0 - G r a d e  p u p i l s  can  do them  
a t  a l l .  I n  f a c t ,  t h e  0 - G r a d e  p u p i l s  can g e t  t o  t h e  
a n s w e r  by u s i n g  t h e  r e l a t i o n s h i p  ’ f o r c e  = mass x a c c e l e r a t i o n * 
and s u b s t i t u t i n g  t h e  r e s u l t i n g  a c c e l e r a t i o n  i n t o  one  o f  t h e  
e q u a t i o n s  o f  m o t i o n .  ( i t  may be o f  i n t e r e s t  t o  n o t e  t h a t  
t h e s e  e q u a t i o n s  o f  m o t i o n  a re  n o t  r e q u i r e d  f o r  0 - G r a d e ,  
b u t  a l l  t h r e e  s c h o o l s  i n v o l v e d  t a u g h t  t h e s e  e q u a t i o n s  a t  
0 - G r a d e ) .  The H -G r a d e  p u p i l s  c o u l d  a l s o  use  t h i s  m e th o d ,  
b u t  m o s t  o f  the m  w o u ld  a p p l y  t h e  i m p u l s e  r e l a t i o n s h i p  
( i . e .  F A . t  = A  mv)
The  h i g h  H -G r a d e  F . V .  f o r  t h e s e  i t e m s  w o u ld  i n d i c a t e  t h a t  
t h e  use  o f  t h e  i m p u l s e  r e l a t i o n s h i p s  may be t h e  more  
s u c c e s s f u l  m e th o d .  I n  p a s s i n g ,  we w o u ld  p o i n t  o u t  t h a t ,  
f o r  p r o b l e m s  i n v o l v i n g  ’ f o r c e ’ and ’ t i m e  f o r  w h i c h  t h e  
f o r c e  a c t s 1 , t h e  c o n c e p t  o f  1 i m p u l s e ’ i s  r e a l l y  j u s t  a 
c o n v e n i e n t  ’ c h u n k i n g ’ s t r a t e g y  w h i c h  a v o i d s  t h e  need 
t o  c a l c u l a t e  t h e  a c c e l e r a t i o n  as an i n t e r m e d i a t e  s t e p .
I t  s h o u l d  n o t  be assumed t h a t  a l l  t h e  H -G ra d e  o b j e c t i v e s  
a r e  b e i n g  a c h i e v e d  t o  t h e  same h i g h  d e g r e e .  The 
f o l l o w i n g  i t e m s  i n d i c a t e  t h a t  t h e r e  a r e  d i f f i c u l t i e s  
i n  i n t e r p r e t i n g  g r a p h s  and i n  piomentum c o n s e r v a t i o n  i n  
t w o  d i m e n s i o n s .
I t e m  10 -  Momentum T e s t  C a t e g o r y  C 
0 - G r a d e  F . V .  = 0 . 2 8  H -G r a d e  F . V .  = 0 . 6 1
’’ The v e l o c i t y - t i m e  g r a p h  shows a c o l l i s i o n  b e tw e e n  tw o  
t r o l l e y s  A and B on a l e v e l  s u r f a c e
V e lo c ity
(cms
A and B
• V - 1— 1— >
6 7  8 ELme(s)
I f  t h e  mass o f  t r o l l e y  A i s  0 * 6 k g ,  w h a t  i s  t h e  mass o f  
t r o l l e y  B?
A. 0 . 1 5 k g  B. 0 . 2 k g  C. 0 . 3 k g  D. 0 . 4 k g  E.  0 . 6 k g
The  am oun t  o f  i n f o r m a t i o n  c o n t a i n e d  i n  t h e  above  g r a p h  
i s  r e a l l y  q u i t e  s u r p r i s i n g .  I t  t e l l s  us t h a t  t h i s  was
an i n e l a s t i c  c o l l i s i o n ,  w h i c h  we c o u l d  r e p r e s e n t  by a 
m ore  c o n v e n t i o n a l  d i a g r a m
A 0„04m s ’" 1 0.,04m s ^
0 . 6  kg m kq 0
A + 0 .0 2 m  s - 1
0 . 6  k g i  m kg
I t  t e l l s  us more t h a n  t h i s  h o w e v e r .
I t  t e l l s  us t h a t  t h e  d u r a t i o n  o f  t h e  c o l l i s i o n  was 0 . 1 s .  
F rom t h i s  we c o u l d  e s t i m a t e  t h e  a v e r a g e  f o r c e  a c t i n g  
d u r i n g  t h e  c o l l i s i o n .
I t  a l s o  g i v e s  us a l l  t h e  i n f o r m a t i o n  we w o u ld  need t o  
e s t i m a t e  t h e  l o s s  i n  k i n e t i c  e n e r g y  d u r i n g  t h e  c o l l i s i o n .
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The p r o b l e m  f o r  t h e  p u p i l  i s  one o f  s i f t i n g  a l l  t h i s  
i n f o r m a t i o n  t o  p i c k  o u t  wha t  he needs  t o  a n s w e r  t h e  
q u e s t i o n .  The one e s s e n t i a l  f a c t  i s  t h a t  t h e  
i n c r e a s e  i n  B ’ s v e l o c i t y  i s  t h r e e  t i m e s  t h e  d e c r e a s e  
i n  A’ s v e l o c i t y .  T h u s , ' s i n c e  momentum i s  c o n s e r v e d ,  
t h e  mass o f  B i s  one t h i r d  t h e  mass o f  A.
H e re  a g a i n  t h e  p r o b l e m  may be ’ i n f o r m a t i o n  o v e r l o a d ’ . 
The  p u p i l  may be swamped by t h e  amount  o f  i n f o r m a t i o n  
c o n t a i n e d  i n  t h e  g r a p h ,  mos t  o f  w h i c h  i s  r e d u n d a n t .
I t e m  53 -  Momentum T e s t  C a t e g o r y  C 
0 - G r a d e  F . V .  = 0 . 3 5  H -G rad e  F . V .  = 0 . 5 4
’’ The g r a p h  shows how t h e  f o r c e  a c t i n g  on a mass o f  2kg 





I f  t h e  mass had an i n i t i a l  v e l o c i t y  o f  lm s 1 , w h a t  i s  
i t s  v e l o c i t y  a f t e r  0 . 4  s e c o n d s ?
A. 3m s " 1 B. 4m s ” 1 C. 5m s ” 1 D.  5m s 1 E. 7m s 1 ”
I t e m  34 -  E n e r g y  T e s t  C a t e g o r y  C
0 - G r a d e  F . V .  = 0 . 2 2  H—G ra d e  F . V . = 0 . 5 9
A b od y  s t a r t s  f r o m  r e s t  and moves w i t h  u n i f o r m  a c c e l e r a t i o n .


















I t e m  39 -  Momentum T e s t  C a t e g o r y  D 
0 - G r a d e  F . V .  = 0 . 2 6  H -G ra d e  F . \ J .  = 0 . 5 1
n An e x p l o s i o n  b l o w s  a r o c k  i n t o  t h r e e  p a r t s  as shown i n  
t h e  d i a g r a m
X kg a t  5 ns
lk g  a t  12 ms-1
2kg a t  6 ms-1
l i ih a t i s  t h e  mass o f  f r a g m e n t  X ?
A. 3kg  B. 4kg C. 5kg D# 6kg E. 7 k g .
We d i d  n o t  a n t i c i p a t e  t h a t  t h e  0 - G r a d e  p u p i l s  u /ou ld  be 
a b l e  t o  a n s w e r  i t e m s  i n v o l v i n g  c o n s e r v a t i o n  o f  momentum 
i n  tw o  d i m e n s i o n s ,  and o t h e r  su ch  t o p i c s  w h i c h  w e re  
u n i q u e l y  H - G r a d e .  We w e re  n o t  t h e r e f o r e  s u r p r i s e d  t o  
n o t e  t h a t  t h e s e  i t e m s  were  g e n e r a l l y  o m i t t e d  by 0 —G ra de  
p u p i l s .  The 0 - G r a d e  F . V .  q u o t e d  f o r  t h e s e  i t e m s  i s ,  
t h e r e f o r e ,  n o t  v e r y  r e l e v a n t ,  s i n c e  i t  i s  a r t i f i c i a l l y  
d e p r e s s e d  by t h e  l a r g e  number o f  ’ n i l ’ r e s p o n s e s .  A 
l o w  0 - G r a d e  F . V .  f o r  some i t e m s  i s  an i n d i c a t i o n  o f  
u n f a m i l i a r i t y  w i t h  t h e  t o p i c  r a t h e r  t h a n  any r e a l  
d i f f i c u l t y  i n  u n d e r s t a n d i n g  t h e  t o p i c .  We can 
i l l u s t r a t e  t h i s  by t h e  f o l l o w i n g  i t e m ,  w h i c h  i s  t e s t i n g  
r e c a l l  o f  an H -G ra d e  o b j e c t i v e .
I t e m  19 -  Momentum T e s t  C a t e g o r y  A 
0 - G r a d e  F . V .  = 0 . 4 7  H -G ra d e  F . V .  = 0 . 7 9
n An i m p u l s e  a p p l i e d  t o  a body  o f  mass m i n c r e a s e s  i t s  
sp e e d  f r o m  v* ^ v 2 w i t h o u t  c h an g e  o f  d i r e c t i o n .  The
m a g n i t u d e  o f  t h e  i m p u l s e  i s  g i v e n  by t h e  e x p r e s s i o n  : -
A. mv^ + mv2
B .  m v 2  ~  m v j
2 2D. ^m v^  + im v 2
E. \ i 2 2  -  imu-L2 "
F o r  a p a r t i c u l a r  g r o u p  o f  0 —G ra de  p u p i l s ,  t h e  p a t t e r n  o f  
r e s p o n s e s  t o  t h e  ab o ve  i t e m  was!  —
(\ b C D E MISS
6 .18 0 0 6 70
One y e a r  l a t e r ,  t h e  same g r o u p  o f  p u p i l s ,  now H - G r a d e ,  
g a v e  a v e r y  d i f f e r e n t  p a t t e r n  o f  r e s p o n s e s  : —
A B C D E MISS
12 82 0 0 6 0
T h e r e  a r e  i t e m s ,  o f  c o u r s e ,  w h e re  0 —G ra de  p u p i l s  s h o u l d  
be a b l e  t o  do j u s t  as u / e l l  as H -G ra d e  p u p i l s #  I n  su ch  
c a s e s ,  t h e  d i f f e r e n c e  i n  0 - G r a d e  F . V .  and H -G ra d e  F . V .  
i s  a t r u e  r e f l e c t i o n  o f  some v a r i a t i o n  i n  t h e  l e v e l  o f  
u n d e r s t a n d i n g  b e tw e e n  t h e  tw o  g r o u p s .
F o r  e x a m p l e ,  0—G rade  p u p i l s  do n o t  seem t o  a p p r e c i a t e  
t h a t  momentum i s  a v e c t o r  q u a n t i t y .  I n  b o t h  t h e  
f o l l o w i n g  i t e m s ,  t h e  mos t  p o p u l a r  0 - G r a d e  r e s p o n s e  was 
r e s p o n s e  A w h i c h  t a k e s  no a c c o u n t  o f  t h e  v e c t o r  n a t u r e  
o f  momentum.
I t e m  13 -  momentum T e s t  C a t e g o r y  B 
0 - G r a d e  F . V .  = 0 . 2 8  H -G ra d e  F . V .  = 0 . 5 8
n A r u b b e r  b a l l  o f  mass 0 . 2 5 k g  i s  t h r o w n  p e r p e n d i c u l a r l y  
a g a i n s t  a w a l l  w i t h  a speed  o f  10m s ” ^ and r e b o u n d s  
w i t h  t h e  same s p e e d .  The ch a n g e  i n  momentum o f  t h e  
b a l l  i s
A. z e r o  B.  2 . 5 k g  m s ^ C. 5 kg m s ^
D. 10 kg  m s ” ^ E. 20 kg m s ^
I t e m  16 -  Momentum T e s t  C a t e g o r y  D
0 —G ra d e  F . V .  = 0 . 3 5  H—Grade F . V .  = 0 . 6 6
nTwo b o d i e s ,  each o f  mass m, have  sp e e d s  v as shown
r  r
  ► < ------------
li lh a t i s  t h e  t o t a l  momentum and t o t a l  k i n e t i c  e n e r g y
o f  t h e  two  b o d ie s ?






I t  w o u ld  a l s o  a p p e a r  t h a t  0 - G r a d e  p u p i l s  have  n o t  f u l l y  
a p p r e c i a t e d  t h a t  k i n e t i c  e n e r g y  dep e nd s  on t h e  s q u a r e  
o f  t h e  s p e e d .  T h i s  emerges  when we l o o k  a t  t h e  
p a t t e r n  o f  r e s p o n s e s  t o  such  i t e m s  as :
I t e m  5 -  E n e r g y  T e s t  C a t e g o r y  B 
0 - G r a d e  F . V .  = 0 . 3 4  H -G ra d e  F . V .  = 0 . 5 1
" T h e  k i n e t i c  e n e r g y  o f  a b u l l e t  f i r e d  w i t h  v e l o c i t y  v 
i s  2 T .  What i s  t h e  k i n e t i c  e n e r g y  o f  t h e  same b u l l e t  
f i r e d  w i t h  v e l o c i t y  4v?
A. 4J B. 8J C. 1 6 J D. 3 2 J E.  64J ”
46% o f  0 - G r a d e  p u p i l s  c hose  r e s p o n s e  B, p r e s u m a b l y  
a r g u i n g  t h a t  t h e  k i n e t i c  e n e r g y  v a r i e s  as tfge s p e e d .
(To  d i g r e s s  f o r  a moment,  we were  asked  by a c o l l e a g u e  
w h y ,  i n  t h i s  i t e m ,  were  t h e  v e l o c i t i e s  g i v e n  as v and 4 v .  
W ou ld  i t  n o t  have  been s i m p l e r  t o  use a c t u a l  n u m e r i c a l  
v a l u e s ?  We w ere  i n c l i n e d  t o  a g r e e  u n t i l  we t h o u g h t  
a b o u t  t h e  m a g n i t u d e  o f  t h e s e  v e l o c i t i e s .  Wou ld  i t  
r e a l l y  be s i m p l e r  t o  t a l k  a b o u t  v e l o c i t i e s  o f ,  s a y ,
50m s ~ ^ a n d  200m ? Bur  c o l l e a g u e  t h e n  added t h a t
’’ m os t  p u p i l s  w o u ld  n o t  t h i n k  t h e y  were  a l l o w e d  t o ,  s a y ,  
make v = 1 ” • )
Some p u p i l s  t h i n k  t h a t ,  i n  an e l a s t i c  c o l l i s i o n ,  o n l y  
momentum i s  c o n s e r v e d .  T h i s  was c l e a r  f r o m  t h e  p a t t e r n  
o f  r e s p o n s e s  t o  an i t e m  such  as • —
I t e m  27 — E n e r g y  T e s t  C a t e g o r y  D 
0 - G r a d e  F . V .  = 0 . 4 8  H -G rad e  F . V .  = 0 . 6 4
” I n  an e l a s t i c  c o l l i s i o n  b e tw e e n  tw o  b o d i e s ,  w h a t  c h a n g e s  
o c c u r  i n  t h e i r  t o t a l  k i n e t i c  e n e r g y  and t o t a l  momentum?
T o t a l  k i n e t i c  e n e r g y T o t a l  momentum
A d e c r e a s e s d e c r e a s e s
B d e c r e a s e s no change
C no change no ch ang e
D no change d e c r e a s e s
E d e c r e a s e s i n c r e a s e s
31% o f  t h e  0 - G r a d e  g r o u p  and 24% o f  t h e  H -G rad e  g r o u p  
c h o s e  r e s p o n s e  B.
The  p r o b l e m  may be t h e  word  ’ t o t a l ’ • F o r  some p u p i l s  
t h e  ’ t o t a l ’ e n e r g y  i s  t h e  ’ t o t a l  k i n e t i c  e n e r g y ’ , f o r  
o t h e r s  i t  i s  t h e  ’ t o t a l  p o t e n t i a l  e n e r g y ’ .
I t e m  IB  -  E n e rg y  T e s t  C a t e g o r y  D 
0 - G r a d e  F . V .  = 0 . 2 4  H -G rad e  F . V .  = 0 . 3 9
” A s t o n e  o f  mass 0 * 2  kg i s  t h r o w n  u p w a rd s  f r o m  a p o i n t  
30m ab o ve  t h e  E a r t h ’ s s u r f a c e  a t  an a n g l e  o f  3 0 °  t o  t h e  
h o r i z o n t a l .  I t  i s  r e l e a s e d  w i t h  a speed  o f  20m s 
What i s  t h e  t o t a l  e n e r g y  o f  t h e  s t o n e  a t  t h e  moment o f  
r e l e a s e ?
A. 6 J B. 10J C. 40J  D. 6 0 J E. 100J
H e re  t h e  d i s t r a c t o r s  C and D p r o v e d  t o  be j u s t  as 
p o p u l a r  as t h e  k e y  E.
C o n c l u s i o n
The c u m u l a t i v e  e v i d e n c e  f r o m  t h e  p u p i l  t e s t s  s u g g e s t s  
t h a t  t h e  p u p i l s  have  a good  g r a s p  o f  t h e  f u n d a m e n t a l  
d e f i n i t i o n s  and can  a p p l y  t h e  b a s i c  r e l a t i o n s  ( e . g .  
p = mv, Ek = i-mv2 , E^ = mgh and FA t  = m A v )  i n  s i m p l e
s i t u a t i o n s .  The p r o b l e m  a r i s e s  when t h e y  h ave  t o  
p r o g r e s s  b eyo nd  w h a t  can be r o t e  l e a r n e d .  They  a r e
much l e s s  c a p a b l e  o f  s o l v i n g  p r o b l e m s  w h e re  t h e y  have  
t o  r e c o g n i s e  t h e  p r i n c i p l e  t o  be a p p l i e d  o r  have  t o  
j u g g l e  w i t h  s e v e r a l  d i f f e r e n t  r e l a t i o n s h i p s .  An 
i m p o r t a n t  f a c t o r  w o u ld  seem t o  be t h e  s h e e r  c o m p l e x i t y  
o f  t h e  s i t u a t i o n ,  i n  t e r m s  o f  t h e  ’ i n f o r m a t i o n  c o n t e n t ’ . 
The  s i g n i f i c a n t  im p r o v e m e n t  i n  p e r f o r m a n c e  b e tw e e n  
□ - G r a d e  and H -G r a d e  may be due t o  t h e  p u p i l s  b e c o m in g  
m o re  p r o f i c i e n t  a t  r e d u c i n g  t h e  ’ i n f o r m a t i o n  c o n t e n t 1 
o f  t h e  p r o b l e m .
A d e t a i l e d  i t e m  a n a l y s i s  o f  t h e  p u p i l ’ s r e s p o n s e s  i n  
a m u l t i p l e  c h o i c e  t e s t  can p r o v i d e  u s e f u l  d i a g n o s t i c  
i n f o r m a t i o n  a b o u t  t h e  p u p i l ’ s l e v e l  o f  c o n c e p t u a l  
u n d e r s t a n d i n g .  The t e a c h e r s ,  h o w e v e r ,  do n o t  have  
t h e  t i m e  t o  c a r r y  o u t  such  an a n a l y s i s  a t  each  s t a g e  
o f  t h e  l e a r n i n g  s e q u e n c e .  A more p r a c t i c a l  a l t e r n a t i v e  
i s  r e q u i r e d ,  w h i c h  w i l l  p r o v i d e  r a p i d  f e e d b a c k ,  t o  b o t h  
t e a c h e r  and p u p i l ,  a b o u t  t h e  p u p i l ’ s g r a s p  o f  a 
p a r t i c u l a r  c o n c e p t  r a t h e r  t h a n  h i s  a b i l i t y  t o  s o l v e  
p r o b l e m s  i n v o l v i n g  s e v e r a l  c o n c e p t s  o r  r e l a t i o n s h i p s  
b e t w e e n  c o n c e p t s .
Uie w i l l  d e v e l o p  t h i s  p o i n t  f u r t h e r  i n  t h e  n e x t  c h a p t e r
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I n t r o d u c t i o n
liie now come t o  w h a t  we w o u ld  c o n s i d e r  i s  t h e  m a in  p a r t  
o f  o u r  i n v e s t i g a t i o n .  I n  t h e  s e s s i o n  1 9 7 9 - 8 0 ,  we 
c a r r i e d  o u t  a l a r g e  s c a l e  s u r v e y  o f  p u p i l s ’ ( a n d  s t u d e n t s ’ ) 
u n d e r s t a n d i n g  o f  c o n c e p t s  i n  m e c h a n i c s ,  u s i n g  s p e c i a l l y  
d e v i s e d  t e s t  m a t e r i a l .  T h i s  m a t e r i a l  was r e v i s e d  i n  
t h e  l i g h t  o f  t h e  r e s u l t s  o b t a i n e d  f r o m  t h e  f i e l d  t r i a l s ,  
a n d ,  i n  t h e  s e s s i o n  1 9 8 0 - 8 1 ,  t h e  r e v i s e d  m a t e r i a l  was 
t e s t e d  i n  t w e n t y  s e p a r a t e  s c h o o l s  t h r o u g h o u t  S c o t l a n d .
D e t a i l s  o f  t h e  t e s t i n g  p r o c e d u r e s  and an a n a l y s i s  o f  t h e  
r e s u l t s  o b t a i n e d  w i l l  be g i v e n  i n  s u b s e q u e n t  c h a p t e r s .
I n  t h i s  p r e s e n t  c h a p t e r ,  we w i l l  d e s c r i b e  how t h e  t e s t  
m a t e r i a l  came t o  be w r i t t e n .
We w i l l  s t a r t  by c o n s i d e r i n g  some o f  t h e  p r o b l e m s  
i n v o l v e d  i n  a s s e s s i n g  c o n c e p t u a l  u n d e r s t a n d i n g .  We 
w i l l  e x p l a i n  why we t h o u g h t  i t  n e c e s s a r y  t o  d e v i s e  a 
new o b j e c t i v e  t e c h n i q u e  f o r  o b t a i n i n g  s p e c i f i c  i n f o r m a t i o n  
a b o u t  t h e  p u p i l s ’ c o n c e p t u a l  u n d e r s t a n d i n g .  We w i l l  t h e n  
d e s c r i b e  some o f  t h e  p r a c t i c a l  and t h e o r e t i c a l  c o n s i d e r a t i o n s  
w h i c h  i n f l u e n c e d  o u r  d e s i g n  o f  t h e  t e s t  m a t e r i a l .  F i n a l l y  
we w i l l  d e s c r i b e  b r i e f l y  t h e  f o r m  o f  t h e  t e s t  m a t e r i a l  
w h i c h  was u s e d  i n  t h e  1 9 7 9 - 8 0  t r i a l .
The  p r o b l e m s  i n v o l v e d  i n  a s s e s s i n g  a p u p i l ’ s u n d e r s t a n d i n g  
o f  a c o n c e p t .
We c o u l d  see  a t  l e a s t  f o u r  p r o b l e m s  i n ” a s s e s s i n g  a p u p i l ’ s 
u n d e r s t a n d i n g  o f  a c o n c e p t ”  •
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( i )  t h e  p r o b l e m  o f  d e c i d i n g  w h a t  a t t r i b u t e s  o f  t h e
c o n c e p t  a r e  t o  be c o n s i d e r e d
( i i )  t h e  p r o b l e m  o f  d e c i d i n g  w h a t  f a c t o r s  a b o u t  t h e
p u p i l  s h o u l d  be c o n s i d e r e d
( i i i ) t h e  p r o b l e m  o f  d e c i d i n g  w h a t  i s  i m p l i e d  by t h e  
t e r m  U n d e r s t a n d i n g 1
( i v )  t h e  p r o b l e m  o f  a c t u a l l y  a s s e s s i n g  t h e  p u p i l ’ s
d e g r e e  o f  ’ u n d e r s t a n d i n g ’ o f  t h e  c o n c e p t *
A H  o f  t h e s e  p r o b l e m s  c o u l d  be d i s c u s s e d  a t  l e n g t h ,  and 
e a c h  o f  t h e m  c o u l d  w e l l  be a s u i t a b l e  s u b j e c t  f o r  f u r t h e r  
d e t a i l e d  r e s e a r c h .  F o r  t h e  p u r p o s e s  o f  t h e  p r e s e n t  
i n v e s t i g a t i o n ,  we s i m p l i f i e d  t h e  s i t u a t i o n  by m a k in g  some 
f a i r l y  a r b i t r a r y  d e c i s i o n s  a b o u t  t h e  f i r s t  t h r e e  p r o b l e m s  
on t h e  l i s t .  T h i s  a l l o w e d  us  t o  c o n c e n t r a t e  o u r  
a t t e n t i o n  on t h e  p r o b l e m  o f  a c t u a l l y  a s s e s s i n g  t h e  
d e g r e e  o f  ’ u n d e r s t a n d i n g ’ .
( l )  We p r o p o s e d ,  i n i t i a l l y ,  t h a t  t h e  c o n c e p t s  i n v o l v e d  
s h o u l d  be t h e  o n e s  w h i c h  had been  i d e n t i f i e d  by t h e  
e a r l y  s t u d y  o f  J o h n s t o n e  and M u g h o l  ( l )  as b e i n g  
’ d i f f i c u l t ’ c o n c e p t s  f o r  p u p i l s  i n  s e c o n d a r y  s c h o o l s .  
T h i s ,  h o w e v e r ,  was n o t  q u i t e  as s i m p l e  as i t  m i g h t  
a p p e a r .  The  J o h n s t o n e  and M u g h o l  s t u d y ,  as 
e x p l a i n e d  i n  c h a p t e r  3 ,  u s e d  a l i s t  o f  t o p i c s ,  
r a t h e r  t h a n  c o n c e p t s ,  t o  a s s e s s  t h e  s u b j e c t i v e  l e v e l  
o f  d i f f i c u l t y .  T h u s  t h e  p u p i l s  r e p o r t e d  t h a t  t h e y  
f o u n d  ’’ t h e  i d e a  o f  c o n s e r v a t i o n  o f  momentum”  a 
d i f f i c u l t  one t o  u n d e r s t a n d .  Was i t  t h e  c o n c e p t  
o f  ’ c o n s e r v a t i o n ’ t h e y  f o u n d  d i f f i c u l t ,  o r  was i t  
t h e  c o n c e p t  o f  ’ momentum’ ? S i m i l a r l y ,  when t h e  
p u p i l s  r e p o r t e d  d i f f i c u l t y  w i t h  ’’ t h e  d i f f e r e n c e  
b e t w e e n  e n e r g y  and p o w e r ” , d i d  t h e i r  d i f f i c u l t y  
i n v o l v e  t h e  c o n c e p t  o f  ’ e n e r g y ’ o r  t h e  c o n c e p t  o f  
’ p o w e r ’ o r  d i d  i t  s p e c i f i c a l l y  i n v o l v e  t h e  
r e l a t i o n s h i p  b e t w e e n  t h e s e  q u a n t i t i e s ?  We had 
some d i f f i c u l t y  i n  d e c i d i n g  e x a c t l y  w h a t  c o n c e p t s
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t h e  J o h n s t o n e  and M u g ho l  s t u d y  had s p e c i f i c a l l y  i d e n t i f i e d  
as  ! p r o v i n g  t r o u b l e s o m e 1, b u t  e v e n t u a l l y  d e c i d e d  upo n  
t h e  c o n c e p t s  o f  ’ momentum’ and ’ e n e r g y  ’ ,
I n  t h e  tw o  p r e v i o u s  c h a p t e r s ,  we d e s c r i b e d  tw o  p r e l i m i n a r y  
s t u d i e s  w h i c h  we c a r r i e d  o u t  t o  c l a r i f y  some p o i n t s  o f  
d e t a i l  a r i s i n g  f r o m  J o h n s t o n e  and M u g h o l ’ s e a r l i e r  
w o r k ,  as w e l l  as t o  c o l l e c t  f u r t h e r  e m p i r i c a l  d a t a  
r e l a t i n g  t o  t h e  c o n c e p t s  o f  momentum and e n e r g y ,  s i n c e  
t h e s e  t w o  c o n c e p t s  w e re  i n v o l v e d  i n  t h e  ’ d i f f i c u l t ’ 
t o p i c s  i d e n t i f i e d  by t h e  p r e v i o u s  w o r k .  The r e s u l t s  
o f  t h e s e  p r e l i m i n a r y  s t u d i e s  c o n f i r m e d ,  f o r  e x a m p l e ,  
t h a t  t h e  t e a c h e r s  d i d  n o t  r a t e  t h e  c o n c e p t  o f  ’ p o w e r ’ 
as  an e s s e n t i a l  c o n c e p t  f o r  t h e  u n d e r s t a n d i n g  o f  
e n e r g y ,  n e i t h e r  was t h e r e  any s i g n i f i c a n t  d i f f e r e n c e  
i n  o v e r a l l  p e r f o r m a n c e  i n  t h e  p u p i l  t e s t s  on i t e m s  
r e l a t i n g  t o  ’ t h e  d i f f e r e n c e  b e t w e e n  e n e r g y  and p o w e r ’ 
and  on i t e m s  r e l a t i n g  t o  ’ t h e  i d e a  o f  k i n e t i c  and 
p o t e n t i a l  e n e r g y ’ .  We f e e l  j u s t i f i e d ,  t h e r e f o r e ,  
i n  n o t  i n c l u d i n g  t h e  c o n c e p t  o f  ’ p o w e r ’ i n  o u r  m a in  
i n v e s t i g a t i o n .
T h e  r e s u l t s  o f  t h e  t e a c h e r  q u e s t i o n n a i r e ,  h o w e v e r ,  
sh ow ed  q u i t e  c l e a r l y  t h a t ,  i n  t h e  t e a c h e r ’ s o p i n i o n ,  
t h e  p u p i l s ’ u n d e r s t a n d i n g  o f  t h e  c o n c e p t s  o f  momentum 
and e n e r g y  i n v o l v e d  v a r i o o s  o t h e r  ’ e s s e n t i a l ’ c o n c e p t s *
I n  p a r t i c u l a r ,  t h e  c o n c e p t  o f  ’ f o r c e ’ was c o n s i d e r e d  
t o  be o f  p a r t i c u l a r  i m p o r t a n c e  i n  d e v e l o p i n g  t h e  
u n d e r s t a n d i n g  o f  b o t h  momentum and e n e r g y .  One 
C o l l e g e  l e c t u r e r  comm en ted  t h a t  ’ momentum i s  i m p o r t a n t  
b e c a u s e  i t  c o n n e c t s  t h e  u n b a l a n c e d  f o r c e  and t h e  t i m e  
f o r  w h i c h  i t  i s  a c t i n g ,  w h i l e  e n e r g y  i s  i m p o r t a n t  
b e c a u s e  i t  c o n n e c t s  t h e  u n b a l a n c e d  f o r c e  and t h e  
d i s t a n c e  t h r o u g h  w h i c h  i t  a c t s  .
T h i s  v i e w  was c o n f i r m e d  by r e f e r e n c e  t o  t h e  p u b l i s h e d  
s y l l a b u s e s  ( 2 ) ,  w h e r e  i t  i s  s p e c i f i c a l l y  s t a t e d '  t h a t ,
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s t  H - G r a d e ,  t h e  t e a c h e r  s h o u l d  " r e v i s e  F = ma and 
r e l a t e  ( f o r c e )  t o  r a t e  o f  c h an g e  o f  momentum” . The 
p u b l i s h e d  l i s t  o f  s p e c i f i c  o b j e c t i v e s  f o r  0 - G r a d e  ( 8 6 )  
i n c l u d e ,  f o r  t h e  c o n c e p t  o f  e n e r g y ,  t h e  o b j e c t i v e  t h a t  
p u p i l s  s h o u l d  a c q u i r e  t h e  a b i l i t y  t o  r e c a l l  t h a t  t h e  
p r o d u c t  o f  a f o r c e  and t h e  d i s t a n c e  moved a l o n g  i t s  l i n e  
o f  a c t i o n  i s  a m e a s u r e  o f  t h e  w o rk  done  and o f  t h e  
e n e r g y  t r a n s f e r r e d . "  Many o f  t h e  i t e m s  i n c l u d e d  i n  
t h e  p u p i l  t e s t s ,  d e s c r i b e d  i n  c h a p t e r  A, c o n t a i n e d  
s p e c i f i c  r e f e r e n c e  t o  t h e  c o n c e p t  o f  f o r c e .  I f  u/e 
l o o k  a t  t h e  q u e s t i o n s  s e t  i n  r e c e n t  S . C . E .  0 - G r a d e  
and  H—G ra d e  e x a m i n a t i o n s ,  ue see  t h e  same s o r t  o f  
p a t t e r n .
Th e  p r e v i o u s  r e s e a r c h  had n o t  l o o k e d  c l o s e l y  a t  t h e  
c o n c e p t  o f  f o r c e .  The  one  t o p i c  on J o h n s t o n e  and 
M u g h o l ’ s o r i g i n a l  l i s t  o f  23 t o p i c s  w h i c h  m e n t i o n e d  
f o r c e  ( !,i d e a  o f  u n i f o r m  m o t i o n  ( b o d y  ca n  m a i n t a i n  
u n i f o r m  m o t i o n  w i t h o u t  some u n b a l a n c e d  f o r c e  t o  k e e p  
i t  m o v i n g ) "  ) was r a t e d  as ! d i f f i c u l t ’ , b u t  t h e  r e p o r t e d  
d i f f i c u l t y  c l e a r l y  r e l a t e s  o n l y  t o  N ewton  I .  T h e r e  
was n o t  a t o p i c  on t h e  o r i g i n a l  l i s t  w h i c h  r e l a t e d  t o  
e i t h e r  N ew to n  I I  o r  Newton  I I I .  F rom o u r  own 
e x p e r i e n c e ,  we w o u l d  s u s p e c t  t h a t  any t o p i c  r e l a t i n g  
t o  N e w to n  I I I  ( e . g .  " a c t i o n  = -  r e a c t i o n " )  w o u l d  h a v e  
be e n  r a t e d  as d i f f i c u l t 1 .
Uie d e c i d e d ,  t h e r e f o r e ,  i n  v i e w  o f  t h e  e v i d e n c e  q u o t e d  
a b o v e ,  t h a t  i n  t h e  n e x t  s t a g e  o f  o u r  i n v e s t i g a t i o n  
we s h o u l d  e x a m in e  t h e  p u p i l s 1 u n d e r s t a n d i n g  o f  t h e  
c o n c e p t  o f  f o r c e  as w e l l  as t h e  c o n c e p t s  o f  momentum 
and  e n e r g y .
I n  t h e  S . C . E .  p h y s i c s  s y l l a b u s ,  t h e  c o n c e p t  o f  ' i m p u l s e * 
•ls i n t r o d u c e d  a t  H—G r a d e ,  when Nawton  I I I  i s  r e l a t e d  
t o  t h e  l a w  o f  c o n s e r v a t i o n  o f  momentum. I n  t h e  
q u e s t i o n n a i r e ,  t h e  t e a c h e r s  d i d  n o t  c o n s i d e r  t h a t  
i m p u l s e  was a p a r t i c u l a r l y  i m p o r t a n t  c o n c e p t ,  b u t ,  
on t h e  o t h e r  h a n d ,  a q u e s t i o n  i n v o l v i n g  i m p u l s e  i s
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l i k e l y  t o  a p p e a r  a l m o s t  e v e r y  y e a r  i n  t h e  S . C . E ,
H - G r a d e  P a p e r  I I  ( e . g .  1980 Q2, 1978 Q l ,  1977 Q3,
19 7 6  6 2 ,  1975  Q 3 ) .  S i n c e  i m p u l s e  i s  so c l o s e l y  
l i n k e d  t o  b o t h  f o r c e  and momentum ( i m p u l s e  = f o r c e  x t i m e  
and  i m p u l s e  = c h a n g e  o f  momen tum ) ,  i t  seemed r e a s o n a b l e  
t o  i n c l u d e  i m p u l s e ,  as w e l l  as f o r c e ,  i n  t h e  n e x t  s t a g e  
o f  t h e  i n v e s t i g a t i o n .
I n  o u r  o p i n i o n ,  t h e  c o n c e p t  o f  i m p u l s e  i s  a u s e f u l  
’ c h u n k i n g 1 c o n c e p t  w h i c h ,  by c o m b i n i n g  t h e  s e p a r a t e  
c o n c e p t s  o f  f o r c e  and t i m e  i n t o  a s i n g l e  c o n c e p t ,  
e n a b l e s  t h e  p u p i l  t o  s o l v e  p a r t i c u l a r  t y p e s  o f  p r o b l e m  
i n  m e c h a n i c s  i n  a s i n g l e  s t e p .  C o n s i d e r ,  f o r  e x a m p l e ,  
t h e  f o l l o w i n g  p r o b l e m .
( 1976  H -G r a d e  P h y s i c s .  P a p e r  2 .  Q 2 ( a ) )
2. (c) A golfer hits a golf ball of mass 5-0 x 10“ 2 kg into the air. The club is in contact with the ball for 




directio ryo f resultant force during im pact
I f  t h e  p u p i l  i s  f a m i l i a r  w i t h  t h e  c o n c e p t  o f  i m p u l s e  
t h e n  he w i l l  know  t h a t  he ca n  c a l c u l a t e  t h e  f i n a l  
momentum o f  t h e  b a l l  i n  one  s t e p  ( F A t »  m A v ) .
Th e  r e s u l t i n g  s p e e d  o f  t h e  b a l l  i s  t h e n  e q u a l l y  e a s y  
t o  c a l c u l a t e .
j f  t h e  c o n c e p t  o f  i m p u l s e  has  n o t  been  i n t r o d u c e d ,  t h e  
p u p i l  w o u l d  h ave  t o  c a l c u l a t e  t h e  a v e r a g e  a c c e l e r a t i o n  
( u s i n g  f o r c e  = mass x a c c e l e r a t i o n )  and t h e n  s u b s t i t u t e  
t h i s  i n t o  an e q u a t i o n  o f  m o t i o n  (v  = u + a t )  t o  
c a l c u l a t e  t h e  r e s u l t i n g  s p e e d  o f  t h e  b a l l .
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At  l e a s t  one  C o l l e g e  l e c t u r e r  w o u l d  n o t  a g r e e  w i t h  us 
t h a t  i m p u l s e  i s  a u s e f u l  c o n c e p t .  He d e s c r i b e d  i t  as 
” an ! i m p o s s i b l e ’ c o n c e p t  w h i c h  has  l a r g e l y  d i s a p p e a r e d  
f r o m  many s y l l a b u s e s ” . He w e n t  on ” 1 d o n ’ t  r e a l l y  
kn o w  why i t  i s  named and g i v e n  a s p e c i a l  t r e a t m e n t .  
S t u d e n t s  c a n  be t a u g h t  q u i t e  a d e q u a t e l y  i n  t e r m s  o f  
’ f o r c e ’ w i t h o u t  i n t r o d u c i n g  c o n f u s i n g  n o m e n c l a t u r e  
l i k e  t h i s ” . We s u s p e c t  t h a t  many t e a c h e r s ,  l i k e  
t h i s  C o l l e g e  l e c t u r e r ,  see  no p a r t i c u l a r  a d v a n t a g e  
t o  be g a i n e d  by i n t r o d u c i n g  t h e  c o n c e p t  o f  i m p u l s e .
I t  seemed t o  us a l l  t h e  more  r e a s o n a b l e ,  t h e r e f o r e ,  
t o  i n v e s t i g a t e  t h e  p u p i l s ’ u n d e r s t a n d i n g  o f  t h i s  
c o n c e p t .  I f  o u r  r e s u l t s  i n d i c a t e  t h a t  t h e  p u p i l s  
a r e  n o t  u n d e r s t a n d i n g  t h i s  c o n c e p t ,  t h e n  we w i l l  h a v e  
some j u s t i f i c a t i o n  f o r  s u g g e s t i n g  i t  s h o u l d  n o t  be 
i n c l u d e d  i n  t h e  s y l l a b u s .  ( i t  may be o f  i n t e r e s t  t o  
n o t e  t h a t  t h e  r e v i s e d  H -G r a d e  p h y s i c s  s y l l a b u s ,  t o  
t a k e  e f f e c t  i n  and a f t e r  1 9 8 2 ,  makes no s p e c i f i c  
m e n t i o n  o f  t h e  c o n c e p t  o f  i m p u l s e  b u t ,  a t  t h e  same 
t i m e ,  i t  d o e s  n o t  s a y  i t  has  bee n  d e l e t e d  f r o m  t h e  
s y l l a b u s . )
T h e  m a in  p a r t  o f  i n v e s t i g a t i o n  i n t o  t h e  p u p i l s ’ 
u n d e r s t a n d i n g  o f  m e c h a n i c s  c o n c e p t s ,  t h e r e f o r e ,  
w o u l d  i n v o l v e  a d e t a i l e d  e x a m i n a t i o n  o f  t h e  f o l l o w i n g  
c o n c e p t s :
m omentum. k i n e t i c  e n e r g y . ( g r a v i t a t i o n a l )  p o t e n t i a l  
e n e r g y .  f o r c e  and i m p u l s e .
I t  w o u l d  seem l o g i c a l  t o  i n c l u d e  a l s o  t h e  c o n c e p t  o f  
’ w e i g h t ’ , w h i c h  i s  c l o s e l y  r e l a t e d  t o  g r a v i t a t i o n a l  
p o t e n t i a l  e n e r g y ,  and i s  a s p e c i f i c  e x a m p le  o f  t h e  
m o re  g e n e r a l  c o n c e p t  o f  f o r c e .
H a v i n g  d e c i d e d  on  t h e  c o n c e p t s  t o  be i n v e s t i g a t e d ,  we 
s t i l l  had  t o  d e c i d e  w h a t  l e v e l  o f  c o n c e p t u a l  
u n d e r s t a n d i n g  we s h o u l d  be a s s e s s i n g .  A t  t h i s  s t a g e ,  
we made a d e c i s i o n  w h i c h  h a s  had  a s i g n i f i c a n t  e f f e c t
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on o u r  w h o l e  a p p r o a c h  t o  t h e  p r o b l e m  o f  a s s e s s i n g  
c o n c e p t u a l  u n d e r s t a n d i n g #  t ie d e c i d e d  t h a t  we w o u l d  
o n l y  c o n c e r n  o u r s e l v e s  w i t h  t h e  f o r m a l  ’ s c i e n t i f i c ’ 
m e a n in g  o f  t h e s e  c o n c e p t s ,  t h a t  i s ,  t h e i r  m e a n i n g s  
as  s t a t e d  i n  a p h y s i c s  t e x t b o o k .
To make t h i s  q u i t e  e x p l i c i t ,  we c o n s u l t e d  t h e  t h r e e  
p h y s i c s  t e x t b o o k s  ( 8 9 , 9 0 , 9 1 )  m o s t  co m m o n ly  u s e d  i n  
S c o t t i s h  s c h o o l s  i n  t h e  t e a c h i n g  o f  t h e  S . C . E .  0 - G r a d e  
and  H - G r a d e  P h y s i c s  c o u r s e s .  We n o t e d  t h e  f o l l o w i n g  
d e f i n i t i o n s  o f  o u r  s e l e c t e d  c o n c e p t s :
( 1 )  Momentum i s  t h e  p r o d u c t  o f  mass x v e l o c i t y
( 2 )  K i n e t i c  e n e r g y  E^ = j  m v w h e re  m = m ass ,  v = s p e e d
( 3 )  G r a v i t a t i o n a l  p o t e n t i a l  e n e rg y  E = mgh where
m = m a ss ,  h = v e r t i c a l  h e i g h t ,  g £ g r a v i t a t i o n a l  
f i e l d  s t r e n g t h
( 4 ) ( U n b a l a n c e d )  f o r c e  F = mxa w h e re  m = m ass ,  
a = a c c e l e r a t i o n
( 5 )  W e i o h t  W = mg w h e re  m = m a ss ,  g = g r a v i t a t i o n a l  
f i e l d  s t r e n g t h
( 6 )  I m p u l s e  = F A t  = m Au = change o f  momentum 
( T h r e e  p o i n t s  s h o u ld  be n o te d  about  t h e s e  d e f i n i t i o n s : -
( a )  None o f  t h e  com m on ly  u s e d  t e x t b o o k s  g i v e s  a s y m b o l  
f o r  momentum ( o r  i m p u l s e ) « R e f e r e n c e  t o  a n o t h e r  
a u t h o r i t a t i v e  s o u r c e  ( 9 2 ) g i v e s  t h e  s y m b o l  as ” p ” . 
T h u s  we may w r i t e  ” p = mvM and ” p = F A t  = m A v ” .
( b )  I n  m o s t  c a s e s ,  t h e  d e f i n i t i o n  i s  e x p r e s s e d  as a2
s y m b o l i c  e q u a t i o n  ( e . g .  E^ = m v ) .  A l t h o u g h  t h e  
e x a c t  m e a n in g  o f  t h e  s y m b o l s  i s  g i v e n ,  t h e  p u p i l  i s  
e n c o u r a g e d  t o  re m e m b e r  t h e  s y m b o l i c  e q u a t i o n *
( c )  A l l  t h e  d e f i n i t i o n s  a r e  v e r y  f o r m a l  and e x a c t ,  and 
r e q u i r e  ’ f o r m a l ’ u n d e r s t a n d i n g  o f  s u c h  c o n c e p t s  as 
’ m a s s ’ o r  ’ g r a v i t a t i o n a l  f i e l d  s t r e n g t h ’ b e f o r e  
t h e y  ca n  be m e a n i n g f u l l y  l e a r n e d .  T he  p o s s i b i l i t y  
t h a t  t h e y  w i l l  be l e a r n e d  by r o t e  i s  q u i t e  h i g h  )
Our  d e c i s i o n  t o  c o n c e n t r a t e  on t h e  a c c e p t e d  ’ s c i e n t i f i c  
m e a n in g  o f  t h e s e  c o n c e p t s  had so m ew ha t  s i m p l i f i e d  t h e  
p r o b l e m  o f  d e c i d i n g  w h a t  f a c t o r s  a b o u t  t h e  p u p i l  
s h o u l d  be c o n s i d e r e d .  t ie had e f f e c t i v e l y  d e c i d e d  
w h i c h  p u p i l s  w o u l d  be i n v o l v e d ,  s i n c e  we c o u l d  n o t  
e x p e c t  p u p i l s  t o  h a ve  d e v e l o p e d  t h e  ’ s c i e n t i f i c ’ 
m e a n in g  o f  a c o n c e p t  u n l e s s  t h e y  had  been  t a u g h t  i t  
d u r i n g  t h e i r  f o r m a l  s t u d y  o f  p h y s i c s .  S i n c e  t h e r e  
i s  o n l y  one  s y l l a b u s  i n  p h y s i c s  f o r  a l l  s c h o o l s  i n  
S c o t l a n d ,  we ca n  a n t i c i p a t e  t h a t  t h e  p u p i l s  w i l l  h ave  
b e e n  t a u g h t  t h e s e  c o n c e p t s  by 0 - G r a d e  ( S 4 ) ,  e x c e p t  f o r  
t h e  c o n c e p t  o f  i m p u l s e ,  w h i c h  w i l l  o n l y  be t a u g h t  a t  
H - G r a d e  ( S 5 ) .  T h e r e  i s  t h e r e f o r e  l i t t l e  p o i n t  i n  
t e s t i n g  f o r  t h e  ’ f o r m a l ’ u n d e r s t a n d i n g  o f  t h e  c o n c e p t s  
much b e f o r e  t h e  0 - G r a d e  s t a g e  ( i . e .  t o w a r d s  t h e  end 
o f  S 4 ) .
Our i n v e s t i g a t i o n  o f  c o n c e p t u a l  u n d e r s t a n d i n g  w o u l d  be 
i n  no s e n s e  a l o n g i t u d i n a l  i n v e s t i g a t i o n  o f  how t h e  
p u p i l ’ s e a r l i e r  i n t u i t i v e  u n d e r s t a n d i n g  o f  t h e  c o n c e p t  
o f  f o r c e ,  f o r  e x a m p l e ,  as ’ p u s h ’ o r  ’ p u l l ’ g r a d u a l l y  
d e v e l o p s  i n t o  t h e  f o r m a l  ’ s c i e n t i f i c ’ c o n c e p t  o f  f o r c e  
as  s t a t e d  i n  N e w t o n ’ s Laws o f  M o t i o n .  W h i l e  we f u l l y  
a p p r e c i a t e d  how v a l u a b l e  s u c h  i n f o r m a t i o n  w o u l d  b e ,  
b o t h  t o  t h e  t e a c h e r  and t o  t h o s e  i n v o l v e d  i n  d e s i g n i n g  
t h e  c u r r i c u l u m ,  we d e c i d e d  t h a t  o u r  f i r s t  p r i o r i t y  
s h o u l d  be t h e  a s s e s s i n g  o f  t h e  p u p i l ’ s f o r m a l  u n d e r ­
s t a n d i n g  o f  t h e  c o n c e p t s  a t  a c e r t a i n  s t a g e  o f  s t u d y .
As we w i l l  l a t e r  d e s c r i b e ,  we s a m p le d  t h e  p u p i l ’ s 
u n d e r s t a n d i n g  a t  t h e  0 - G r a d e  s t a g e  ( S 4 ) ,  t h e  H - G r a d e  
s t a g e  (S 5 )  and t h e  p o s t - H - G r a d e  s t a g e  ( 1 s t  y e a r  C o l l e g e  
U n i v e r s i t y )  and f o u n d  some i n t e r e s t i n g  v a r i a t i o n s  i n  t h e  
l e v e l  o f  u n d e r s t a n d i n g .  I n  a l l  c a s e s ,  h o w e v e r ,  we 
w e r e  l o o k i n g  f o r  e v i d e n c e  o f  u n d e r s t a n d i n g  o f  t h e  
c o n c e p t s  i n  a f o r m a l ,  s c i e n t i f i c  s e n s e .
I n  c h a p t e r  2 ,  we n o t e d  t h a t  L o v e l l ( 3 2 )  had i d e n t i f i e d  
t h e  p a r t i c u l a r  c o n c e p t s  we w e r e  d e a l i n g  w i t h  as ’ s e c o n d  
o r d e r  c o n c e p t s  a t  t h e  t h i r d  l e v e l  o f  a b s t r a c t i o n ’ , and
had  c o n c l u d e d  t h a t  t h e  u n d e r s t a n d i n g  o f  su c h  c o n c e p t s  
i n  t h e  f o r m a l  s c i e n t i f i c  s e n s e  w o u ld  r e q u i r e  t h a t  t h e  
p u p i l  had  r e a c h e d  t h e  P i a g e t i a n  s t a g e  o f  ’ f o r m a l  
o p e r a t i o n a l ’ t h o u g h t .  T h r o u g h o u t  o u r  i n v e s t i g a t i o n ,  
we h a v e  t a c i t l y  a c c e p t e d  L o v e l l ’ s c o n c l u s i o n ,  s i n c e  i t  
a g r e e s  w i t h  o u r  own p e r s o n a l  e x p e r i e n c e  o f  t e a c h i n g  
t h e s e  c o n c e p t s .  We d i d  n o t ,  h o w e v e r ,  a c c e p t  t h e  
a r g u m e n t  p r o p o s e d  by S h a y e r  t h a t  s u c h  c o n c e p t s  ca n  
o n l y  be s u c c e s s f u l l y  t a u g h t  t o  a m i n o r i t y  o f  p u p i l s ,  
s i n c e  o n l y  a m i n o r i t y  o f  p u p i l s  w i l l  ha ve  r e a c h e d  t h e  
f o r m a l  o p e r a t i o n a l  s t a g e  o f  c o g n i t i v e  d e v e l o p m e n t .
We f i r m l y  b e l i e v e  t h a t  t h e  p u p i l s ’ u n d e r s t a n d i n g  o f  
s u c h  c o n c e p t s  i s  more  d e p e n d e n t  on s u c h  f a c t o r s  as a 
c a r e f u l l y  g r a d e d  t e a c h i n g  s e q u e n c e ,  t h e  q u a l i t y  o f  t h e  
l e a r n i n g  e x p e r i e n c e s ,  and t h e  i n t e r a c t i o n  b e t w e e n  
t e a c h e r  and p u p i l ,  t h a n  on t h e  p u p i l  h a v i n g  r e a c h e d  
a p a r t i c u l a r  s t a g e  o f  c o g n i t i v e  d e v e l o p m e n t .  We 
ca n  a c c e p t  t h e  i d e a  o f  s t a g e s  o f  c o g n i t i v e  d e v e l o p m e n t ,  
and h a v e  a p p l i e d  i t  i n  o u r  t e a c h i n g  by i n t r o d u c i n g  a 
c o n c e p t  a t  t h e  c o n c r e t e  o p e r a t i o n a l  s t a g e  and g r a d u a l l y  
p r o g r e s s i n g  t o  t h e  r e q u i r e d  f o r m a l  o p e r a t i o n a l  l e v e l .
We r e j e c t  t h e  i d e a ,  w h i c h  i s  i m p l i e d  i n  much o f  
S h a y e r ’ s w o r k ,  t h a t  we s h o u l d  w a i t  u n t i l  t h e  p p p i l s  
h a v e  r e a c h e d  t h e  f o r m a l  o p e r a t i o n a l  s t a g e  b e f o r e  we 
i n t r o d u c e  t h e  c o n c e p t .
I n  o u r  i n v e s t i g a t i o n  o f  c o n c e p t u a l  u n d e r s t a n d i n g ,  we 
a r e  d e a l i n g  w i t h  p u p i l s  who a r e  l i k e l y  t o  h ave  
p r o g r e s s e d  b e y o n d  t h e  c o n c r e t e  o p e r a t i o n a l  s t a g e  o f  
t h i n k i n g .  We a r e  c e r t a i n l y  r e q u i r i n g  th e m  t o  show 
e v i d e n c e  o f  f o r m a l  o p e r a t i o n a l  t h o u g h t  when we t e s t  
f o r  t h e  f o r m a l ,  ’ s c i e n t i f  i c  ’ u n d e r s t a n d i n g  o f  t h e  
c o n c e p t s .  I f  we f i n d  e v i d e n c e  o f  some g e n e r a l  l a c k  
o f  u n d e r s t a n d i n g  a t  t h i s  f o r m a l  l e v e l ,  we w i l l  n o t  
assume t h a t  t h i s  m u s t  i m p l y  t h a t  t h e  m a j o r i t y  o f
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p u p i l s  h a v e  f a i l e d  t o  r e a c h  a c e r t a i n  l e v e l  o f  
c o g n i t i v e  d e v e l o p m e n t .  T h i s  m o u ld  b e ,  i n  o u r  
o p i n i o n ,  a v e r y  f a c i l e  and u n h e l p f u l  c o n c l u s i o n .
A more  c o n s t r u c t i v e  a p p r o a c h  m i l l  be t o  e x a m in e  
c r i t i c a l l y  t h e  l e a r n i n g  s i t u a t i o n  and t o  s e e k  a 
p o s s i b l e  e x p l a n a t i o n  i n  t e r m s  o f  m e th o d  o f  
p r e s e n t a t i o n ,  t e a c h i n g  s e q u e n c e ,  i n f o r m a t i o n  
c o n t e n t  and p r i o r  k n o m l e d g e .
As me n o t e d  i n  c h a p t e r  2 ,  t h e  p u p i l ’ s p r i o r  k n o m l e d g e  
i s  an i m p o r t a n t  f a c t o r  i n  t h e  l e a r n i n g  o f  c o n c e p t s .
Gagne h a s  s u g g e s t e d  t h a t  t b e  p u p i l ’ s p r i o r  k n o m l e d g e ,  
i n  t e r m s  o f  p r e r e q u i s i t e  f a c t s ,  c o n c e p t s  and p r i n c i p l e s ,  
d e t e r m i n e s  mha t  f u r t h e r  l e a r n i n g  ca n  o c c u r .  I n  
A u s u b e l ’ s v i e m ,  t h e  p u p i l ’ s p r i o r  k n o m l e d g e ,  i n  t e r m s  
o f  i t s  o r g a n i s a t i o n a l  s t r u c t u r e  as m e l l  as i t s  c o n t e n t ,  
d e t e r m i n e s  m h e t h e r  m e a n i n g f u l  l e a r n i n g  can  o c c u r .  I n  
o u r  i n v e s t i g a t i o n  o f  t h e  p u p i l ’ s u n d e r s t a n d i n g  o f  
c o n c e p t s ,  me m i l l  be c o n c e r n e d  m i t h  t h e  a s s e s s m e n t  
o f  t h e  p u p i l ’ s p r i o r  k n o m le d g e  -  mhat  he a l r e a d y  
knom s -  a t  a p a r t i c u l a r  p o i n t  i n - t i m e .  F rom o u r
p o i n t  o f  v i e m ,  t h e  p u p i l ’ s p r i o r  k n o m l e d g e  and h i s
p r e s e n t  k n o m l e d g e  a t  t h e  t i m e  o f  t e s t i n g ,  a r e  one  and t h e  
same t h i n g .  We m i l l  be i n t e r e s t e d  t h e r e f o r e  i n  f i n d i n g  
o u t  m h a t  f a c t s ,  c o n c e p t s  and p r i n c i p l e s  t h e  l e a r n e r  has  
s t o r e d  i n  h i s  l o n g  t e r m  memory and i n  l o o k i n g  f o r  
e v i d e n c e  o f  horn t h e y  h ave  been  s t o r e d .  I n  o t h e r  
m o r d s ,  me m i l l  be i n v e s t i g a t i n g  some a s p e c t s  o f  t h e  
p u p i l ’ s c o g n i t i v e  s t r u c t u r e .
L a t e r  i n  t h i s  c h a p t e r ,  me m i l l  d i s c u s s  t h e  m e t h o d s  by
m h i c h  me m i g h t  hope  t o  a c h i e v e  t h i s .  A t  t h i s  s t a g e ,
me m o u ld  s i m p l y  n o t e  t h a t  t h e  l e a r n i n g  t h e o r i e s  
d e s c r i b e d  i n  c h a p t e r  2 s t r e s s e d  t h e  i m p o r t a n c e  o f  
b e i n g  a b l e  t o  a s s e s s  t h e  p u p i l ’ s p r i o r  k n o m l e d g e  a t  
any  s t a g e  o f  l e a r n i n g .  I f  we can  d e v i s e  a v a l i d  and 
r e l i a b l e  t e c h n i q u e  f o r  a s s e s s i n g  c o n c e p t  u n d e r s t a n d i n g  
t o m a r d s  t h e  end o f  a c o u r s e  o f  s t u d y ,  t h e n  t h e  same
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t e c h n i q u e  may be o f  some use  t o  t h e  t e a c h e r  s e e k i n g  
t o  a s s e s s  t h e  p u p i l ’ s p r i o r  k n o w l e d g e  a t  some 
i n t e r m e d i a t e  s t a g e  o f  l e a r n i n g .
UJe f  ou nd t h a t o u r d e c i s i o n  t o c o n c e n t r a t e  on t h e
f o r m a l ’ s c i e n t i f  i c ’ u n d e r s t a n d i n g  o f t h e  con c e p t  s
had a l so COn s i d e r a b l y  s i m p l i f i ed t h e p r o b l e m o f  w h a t
was im p l i ed by t h e t e r m  ’ u n d e r s t a n d i n g ’ •
F o r  t h e  p u r p o s e s  o f  o u r  i n v e s t i g a t i o n ,  we s h a l l  
assume t h a t  t h e  t e r m  ’ u n d e r s t a n d i n g ’ i m p l i e s  a l l  o f  
w h a t  K l a u s m e i e r  ( 1 0 )  has  d e s c r i b e d  as t h e  ’ f o r m a l  l e v e l ’ 
o f  c o n c e p t  u n d e r s t a n d i n g .  T h i s  means t h a t ,  i n  
a s s e s s i n g  ’ u n d e r s t a n d i n g ’ o f  a c o n c e p t ,  we w i l l  be 
i n t e r e s t e d  i n  t h e  p u p i l ’ s a b i l i t y  t o  name t h e  c o n c e p t ,  
t o  name i t s  i n t r i n s i c  o r  s o c i e t a l l y  a c c e p t e d  d e f i n i n g  
a t t r i b u t e s ,  t o  d i s c r i m i n a t e  b e t w e e n  e x a m p l e s  and n o n -  
e x a m p l e s  o f  t h e  c o n c e p t  and t o  e x p l a i n  t h e  b a s i s  o f  
t h e  d i s c r i m i n a t i o n  i n  t e r m s  o f  t h e  d e f i n i n g  a t t r i b u t e s .
( We c a n  r e c o g n i s e ,  i n  K l a u s m e i e r ’ s d e s c r i p t i o n ,  some 
c l u e s  as t o  how we s h o u l d  t e s t  f o r  u n d e r s t a n d i n g  o f  a 
c o n c e p t  a t  t h e  ’ f o r m a l ’ l e v e l ,  and we w i l l  c o n s i d e r  
t h e s e  i n  d e t a i l  l a t e r  i n  t h e  c h a p t e r . )
I n  c h a p t e r  2 ,  we m e n t i o n e d  t h a t  v a r i o u s  r e s e a r c h e r s  
had  f o u n d  e v i d e n c e  t o  s u g g e s t  t h a t  a p u p i l ’ s 
u n d e r s t a n d i n g  o f  t h e  ’ f o r m a l ’ c o n c e p t s  o f  p h y s i c s ,  
s a y ,  was o f t e n  im p e d e d  by t h e  i n t u i t i v e ,  ’ c o m m o n s e n s e ’ 
p r e c o n c e p t i o n s  o r  m i s c o n c e p t i o n s  t h a t  t h e  p u p i l  had 
a l r e a d y  i n c o r p o r a t e d  i n t o  h i s  c o g n i t i v e  s t r u c t u r e .  
A u s u b e l  (17 ) n o t e d  t h a t  ’’ T h e s e  p r e c o n c e p t i o n s  a r e  
a m a z i n g l y  t e n a c i o u s  and r e s i s t a n t  t o  e x t i n c t i o n ” . 
L e b o u t e t - B a r r e l l  ( 7 ) n o t e d  t h a t  ’’ t h e r e  i s  some 
d i f f i c u l t y  ( f o r  t h e  t e a c h e r )  i n  r e p l a c i n g  t h e  
d e e p l y  e n g r a i n e d  e m p i r i c a l  n o t i o n s  by t h e  n e w l y  
a c q u i r e d  ( s c i e n t i f i c )  o n e s ” .  We ca n  a c c e p t  t h e  
p o s s i b i l i t y  t h a t  s u c h  ’ a l t e r n a t i v e  f r a m e w o r k s ’ ca n  
o f t e n  be more  m e a n i n g f u l  t o  t h e  p u p i l  t h a n  t h e  o n e s
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he m e e t s  i n  t h e  TTr a t h e r  s t r a n g e ,  i d e a l i s e d  w o r l d  o f  
p h y s i c s  i n  w h i c h  a l l  s o r t s  o f  u n s t a t e d  s i m p l i f y i n g
a s s u m p t i o n s  t e n d  t o  be m a d e ”  ( 2 6 ) *  As we h a v e  s t a t e d ,  
h o w e v e r ,  we w i l l  o n l y  a c c e p t  t h e  f o r m a l  s c i e n t i f i c  
m e a n i n g  as  e v i d e n c e  o f  t h e  p u p i l ’ s u n d e r s t a n d i n g .
I t  w o u l d  b e ,  no d o u b t ,  o f  i n t e r e s t  t o  f o l l o w  up a 
p u p i l ’ s i d i o s y n c r a t i c  m e a n i n g  o f  a c o n c e p t  t o  t r y  
t o  e x p l a i n  i t s  o r i g i n ,  b u t ,  i n  t h e  p r e s e n t  i n v e s t i g a t i o n ,  
we n ee d  n o t  do t h i s .
T h e  p r o b l e m s  i n v o l v e d  i n  a s s e s s i n g  a p u p i l ’ s u n d e r ­
s t a n d i n g  o f  a c o n c e p t  c a n  be c o n s i d e r a b l y  r e d u c e d ,  
as  we h a v e  d e s c r i b e d ,  by i m p o s i n g  c e r t a i n  d e l i m i t i n g  
c o n d i t i o n s .  T h e  m o s t  i m p o r t a n t  s i n g l e  c o n d i t i o n  
w o u l d  a p p e a r  t o  be  t h e  l e v e l  o f  u n d e r s t a n d i n g  o f  t h e  
c o n c e p t .  We h a v e  d e c i d e d  t o  r e q u i r e  t h e  f o r m a l ,  
’ s c i e n t i f i c ’ l e v e l  o f  u n d e r s t a n d i n g  a n d ,  as  a 
c o n s e q u e n c e ,  we h a v e  a c l e a r e r  i d e a  o f  w h a t  g r o u p  
o f  p u p i l s  w i l l  be  i n v o l v e d  and  w h a t  s o r t  o f  e v i d e n c e  
we w i l l  l o o k  f o r  i n  a s s e s s i n g  u n d e r s t a n d i n g .  We now 
c o n s i d e r  how we m i g h t  c a r r y  o u t  t h e  a s s e s s m e n t .
Some m e thods  o f  i n v e s t i g a t i n g  c o n c e p t  u n d e r s t a n d i n g
I n  t h i s  s e c t i o n ,  we c o n s i d e r  some e x i s t i n g  m e t h o d s  o f  
i n v e s t i g a t i n g  c o n c e p t  u n d e r s t a n d i n g .
One o f  t h e  m o s t  f r e q u e n t l y  u s e d  m e t h o d s  o f  i n v e s t i g a t i o n  
i s  p r o b l e m - s o l v i n q . T h e  l e a r n e r ’ s p r o b l e m - s o l v i n g  
a b i l i t y ,  i t  i s  a r g u e d ,  i s  a m e a s u r e  o f  h i s  c o n c e p t  
u n d e r s t a n d i n g .  ’’ The  ’ b r e a d t h ’ o f  a c o n c e p t  c a n  be 
i n d i c a t e d  b y  t h e  r e l a t i v e  c o m p l e x i t y  o f  r e l e v a n t  p r o b l e m s  
an i n d i v i d u a l  c a n  s o l v e  . . . . .  P r o b l e m  s o l v i n g  a b i l i t y ,  
i f  i t  w e r e  p o s s i b l e  t o  d e v i s e  an a d e q u a t e  e x a m i n a t i o n ,  
c o u l d  be  t a k e n  as an i n d e x  o f  c o n c e p t  a t t a i n m e n t ”  ( 93) 
’ S y s t e m a t i c  p r o b l e m  s o l v i n g ’ i s  o ne  o f  t h e  f o u r  c o g n i t i v e  
a b i l i t y  g r o u p i n g s  u s e d  i n  t h e  S . C . E .  0 —G r a d e  and  H—G r a d e  
e x a m i n a t i o n s .  S t a t e d  e x p l i c i t l y  ( 2 ) ,  t h i s  a b i l i t y  i s  
d e m o n s t r a t e d  when t h e  c a n d i d a t e  c a n :
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( a )  s e l e c t  a p r i n c i p l e  o r  p r i n c i p l e s  i n  t h e  f o r m  o f  
a m a t h e m a t i c a l  m od e l
( b )  s e l e c t  d a t a ,  s u b s t i t u t e  n u m e r i c a l  v a l u e s  and 
c o m p l e t e  t h e  c a l c u l a t i o n .
C a n d i d a t e s  a r e  a l w a y s  g i v e n  due c r e d i t  f o r  b e i n g  a b l e  
t o  d e m o n s t r a t e  t h e i r  a b i l i t y  t o  s e l e c t  t h e  c o r r e c t  
p r i n c i p l e  even  t h o u g h  t h e y  f a i l  t o  c o m p l e t e  t h e  
c a l c u l a t i o n  c o r r e c t l y .  C o n v e r s e l y ,  c a n d i d a t e s  a r e  
a l w a y s  g i v e n  no m a r k s  a t  a l l  i f  t h e y  s e l e c t  t h e  w ro n g  
p r i n c i p l e ,  e v e n  t h o u g h  t h e y  can  c o m p l e t e  t h e  c a l c u l a t i o n  
c o r r e c t l y ,  ( T h i s  i s  com m on ly  c a l l e d  Tu s i n g  w ro n g
p h y s i c s 1 ) .  I t  i s  c l e a r ,  t h e r e f o r e ,  t h a t  t h e  e m p h a s i s
i n  t h e  p r o b l e m  s o l v i n g  a b i l i t y  i s  p l a c e d  on c h o o s i n g  
t h e  c o r r e c t  p r i n c i p l e .
I f  we a t t e m p t  t o  i n v e s t i g a t e  a p u p i l Ts u n d e r s t a n d i n g  
o f  a c o n c e p t  by r e q u i r i n g  t h e  p u p i l  t o  s o l v e  a p r o b l e m ,  
we r u n  i n t o  d i f f i c u l t i e s  when t h e  p u p i l  f a i l s  t o  
c o m p l e t e  t h e  c a l c u l a t i o n  c o r r e c t l y  b u t ,  a t  t h e  same 
t i m e ,  l e a v e s  some d o u b t  as t o  w h i c h  p r i n c i p l e  o r  
p r i n c i p l e s  he i s  a p p l y i n g .
L a r k i n  and R e i f  (80 ) have  s u g g e s t e d  t h a t  t h e  l e a r n e r  
s h o u l d  be t o l d  t o  f,t h i n k  a l o u d  as much as p o s s i b l e ”  
so t h a t  t h e  p r o b l e m  s o l v i n g  p r o c e s s  may be m o n i t o r e d ,  
b u t  t h i s  t e c h n i q u e  i s  o n l y  a p p l i c a b l e  i n  an i n t e r v i e w  
s i t u a t i o n .  I t  c o u l d  n o t  be u s e d  i n  a g r o u p  t e s t i n g  
s i t u a t i o n .
S i n c e  t h e  e m p h a s i s  i n  p r o b l e m  s o l v i n g  l i e s  i n  c h o o s i n g  
t h e  a p p r o p r i a t e  p r i n c i p l e ,  i t  seemed l o g i c a l  t h a t  we 
s h o u l d  c o n c e n t r a t e  a t t e n t i o n  on t h i s  a s p e c t  o f  t h e  
p r o c e s s *  Me m i g h t ,  f o r  e x a m p l e ,  p r e s e n t  t h e  p u p i l  
w i t h  a n um ber  o f  p r o b l e m s  t o  be s o l v e d ,  b u t  i n  e ach  
p r o b l e m ,  t h e  p u p i l  i s  o n l y  r e q u i r e d  t o  s t a t e  t h e  
a p p r o p r i a t e  c o n c e p t  o r  p r i n c i p l e  w h i c h  he w o u l d  a p p l y .
He w o u l d  n o t  be r e q u i r e d  t o  a c t u a l l y  p e r f o r m  any  
c a l c u l a t i o n ,  so t h e  p r o b l e m - s o l v i n g  p r o c e s s  w o u l d  n o t  
be c l o u d e d  by a r i t h m e t i c a l  d i f f i c u l t i e s .  The
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t e c h n i q u e  i s  m o s t  s u i t e d ,  p e r h a p s ,  t o  p r o b l e m s  w h i c h  
c a n  be s o l v e d  by a p p l y i n g  a s i n g l e  p r i n c i p l e *  Many 
p r o b l e m s ,  h o w e v e r ,  i n v o l v e  t h e  a p p l i c a t i o n  o f  p e r h a p s  
tw o  o r  t h r e e  p r i n c i p l e s  i n  a d e f i n i t e  o r d e r * T h i s  
i s  c o n s i d e r a b l y  more  d i f f i c u l t ,  s i n c e  t h e  p u p i l  m u s t  
now s e l e c t  a s e q u e n c e  o f  p r i n c i p l e s ,  and t h e  r e l a t i o n s h i p  
b e t w e e n  t h e  p r i n c i p l e s  becomes v e r y  i m p o r t a n t ,  s i n c e  e a ch  
s e p a r a t e  p r i n c i p l e  m u s t  be r e l a t e d  t o  b o t h  t h e  one  w h i c h
p r e c e d e d  i t  and t h e  one w h i c h  f o l l o w s  i t .
We c a n  i l l u s t r a t e  t h i s  by t h e  f o l l o w i n g  e x a m p l e :
(We h a v e  c h o s e n  a p r o b l e m  f r o m  a S . C . E .  H - G r a d e  P a p e r  I I  
t o  e n s u r e  t h e  d i f f i c u l t y  l e v e l  i s  a p p r o p r i a t e )
( 1977 H - G r a d e  P h y s i c s ,  P a p e r  I I ,  Q 3 ( a )  )
8. A vehicle is travelling along a horizontal linear air track. A card on the vehicle passes through a light 
beam before the vehicle is stopped by a stretched elastic band. While the vehicle is being stopped, the










elastic band  
in initial 
position
Results obtained from one run of the vehicle are:
Mass of vehicle and card =  1*1 kg 
Length of card =  0-10 m
Time through light beam = 0-25 s 
Stopping distance OP =  0-050 m
(a)  Calculate
(i) the average force exerted by the elastic band on the vehicle while it is being stopped;
(ii) the time taken by the elastic band to stop the vehicle.
Th e  c o m p l e t e  s o l u t i o n  t o  t h e  a b o v e  p r o b l e m  i n v o l v e s  
t h e  f o l l o w i n g  s t e p s !
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P a r t  ( j )
( 1 )  Speed o f  v e h i c l e  on 
l i n e a r  a i r  t r a c k
( 2 )  I n i t i a l  k i n e t i c  e n e r g y
o f  v e h i c l e
F i n a l  k i n e t i c  e n e r g y  
o f  v e h i c l e
( 3 )  Work done  by e l a s t i c
i n  s t o p p i n g  v e h i c l e
_ l e n g t h  o f  c a r d
t i m e  t h r o u g h  l i g h t  beam 
0 . 1 0  _  n  a  m  e " 1
0 . 2 5  ~ s
i  ( m a s s ) ( v e l o c i t y )  
i  ( 1 •1 ) (0 . 4 ) 2 = 0 . 088  J
l o s s  i n  k i n e t i c  e n e r g y  
0 . 0 8 8 J
( 4 ) Work d on e  by e l a s t i c
A v e r a g e  f o r c e  e x e r t e d  
by e l a s t i c




I n i t i a l  momentum o f  
v e h i c l e
F i n a l  momentum o f  
v e h i c l e
I m p u l s e  o f  e l a s t i c  on 
v e h i c l e
a v e r a g e  f o r c e  x s t o p p i n g
d i s t a n c e
0 . 0 8 8
0 . 0 5 0 = 1 .7 6 N
= mass x v e l o c i t y  
= 1 . 1  x 0 . 4  = 0 . 4 4  ikg m s
= 0
- 1
ch a n g e  in m o m e n tu m  o f  v e h i c l e  
- 1= 0 .  44 k£.' m s
I m p u l s e  = a v e r a g e  f o c e  x t i m e  f o r  w h i c h  f o r c e  a c t s
I m p u l s e
T im e  t a k e n  t o  s t o p  v e h i c l e  = a v e r a g e  f o r c e  
0 . 4 4
1 . 7 6 = 0 . 2 5 s
S t e p s  ( 5 ) ,  ( 0 )  and ( 7 ) c o u l d  be r e p l a c e d  by s t e p s  ( -8)  and ( 9 )  
A v e r a g e  f o r c e  on v e h i c l e  = mass x a v e r a g e  a c c e l e r a t i o n( 8 )
( 9 )
_ . 1 . 7 6  _ t c _ - 2
A v e r a g e  a c c e l e r a t i o n  o f  v e h i c l e  -  ~ m s
ch a n o e  i n  s p e e d  
A v e r a g e  a c c e l e r a t i o n  -  t i m e  t a k e n
T im e  t a k e n  t o  s t o p  v e h i c l e  = = 0 . 2 5 s
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The a b o v e  a n a l y s i s  shows t h a t  t h e  p r o b l e m  can  i n v o l v e  
as  many as s e v e n  s e p a r a t e  p r i n c i p l e s ,  w h i c h  m u s t  be 
a p p l i e d  i n  a p a r t i c u l a r  o r d e r .
I t  i s  c l e a r l y  a v e r y  s e a r c h i n g  t e c h n i q u e  and may w e l l  
be  c o n s i d e r e d  t o o  s o p h i s t i c a t e d  f o r  p u p i l s  t o  be a b l e  
t o  u n d e r s t a n d .  H o w e v e r ,  as we w i l l  l a t e r  d e s c r i b e ,  we 
h a v e  t r i e d  o u t  t h i s  t e c h n i q u e  and we f i n d  t h a t  p u p i l s  
can  g e n e r a l l y  a d a p t  t o  t h e  t e c h n i q u e  w i t h o u t  much 
d i f f i c u l t y .
P r o b l e m s  s e t  i n  S , C , E ,  0 —G ra d e  and H—G ra d e  e x t e n d e d — 
a n s w e r  p a p e r s  a r e  g e n e r a l l y  ’ s t r u c t u r e d 1 i n  t h e  s e n s e  
t h a t  t h e  p r o b l e m  i s  p r e s e n t e d  as a s e q u e n c e  o f  s t e p s ,  
e a c h  s t e p  i n v o l v i n g  t h e  a p p l i c a t i o n  o f  a s i n g l e  p r i n c i p l e .  
The  p u p i l  i s  ’ l e d ’ t h r o u g h  t h e  p r o b l e m ,  s i n c e  e ach  
s e p a r a t e  s t e p  f o l l o w s  f r o m  t h e  p r e v i o u s  s t e p s .
S e q u e n c i n g  a p r o b l e m  i n  t h i s  way a v o i d s  t h e  p r o b l e m  
o f  ’ i n f o r m a t i o n  o v e r l o a d ’ s i n c e  t h e  p u p i l  i s  o n l y  
r e q u i r e d  t o  p r o c e s s  t w o ,  o r  p e r h a p s  t h r e e ,  b i t s  o f  
i n f o r m a t i o n  a t  any one  s t e p ,
H a r k e  ( 94) h a s  d e s c r i b e d  an i n t e r e s t i n g  t e c h n i q u e ,  c a l l e d  
t h e  r a n d n m i s e d  m u l t i p l e - c h o i c e  f o r m a t ,  w h i c h  h a s  bee n  
d e v e l o p e d  t o  f a c i l i t a t e  t h e  a w a r d i n g  o f  p a r t i a l  c r e d i t  
on  m a c h i n e - s c o r i n g  o f  p h y s i c s  p r o b l e m s  w h i c h  i n v o l v e  
s e v e r a l  s t e p s .
’’ T h e  p r o b l e m  i s  s t a t e d  c o n v e n t i o n a l l y ,  and i t  i s  
s u g g e s t e d  t o  t h e  s t u d e n t  t o  w r i t e  o u t  a s o l u t i o n  t o  t h i s  
p r o b l e m  i n  t h e  s p a c e  p r o v i d e d  b e l o w  t h e  s t a t e m e n t  o f  t h e  
p r o b l e m .  B e lo w  t h i s  s p a c e  a r e  f i v e  o r  m o re  m u l t i p l e -  
c h o i c e  i t e m s  w h i c h  c o r r e s p o n d  t o  s t e p s  i n  t h e  c o r r e c t  
y 2.1 1 e n  s o l u t i o n .  T h e s e  m u l t i p l e —c h o i c e  i t e m s  h a v e  a 
r a n d o m  o r d e r  and n o t  t h e  o r d e r  i n  w h i c h  t h e  s t e p s  w o u l d  
o c c u r  i n  a w r i t t e n  s o l u t i o n .  T h i s  i s  t o  r e q u i r e  t h e  
s t u d e n t  t o  o r g a n i s e  and u s e  a s e q u e n c e  o f  p h y s i c a l  and 
m a t h e m a t i c a l  c o n c e p t s  s i m i l a r  t o  t h e  s e q u e n c e  u s e d  i n  
t h e  s o l u t i o n  o f  t h e  same p r o b l e m  i n  f r e e - r e s p o n s e  f o r m  . . . .
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The  s t u d e n t ’ s s c o r e  on t h e  p r o b l e m  m o u ld  be t h e  num be r  
o f  m u l t i p l e —c h o i c e  i t e m s  a n s w e re d  c o r r e c t l y  w h i c h  
s h o u l d  c o r r e s p o n d  t o  t h e  number o f  s t e p s  done  c o r r e c t l y  
i n  t h e  w r i t t e n  s o l u t i o n . ”
U s i n g  a h i e r a r c h i c a l  a n a l y s i s  m e t h o d ,  H a r k e  was a b l e  
t o  show t h a t  t h e  s t u d e n t s  u sed  t h e  same o r  v e r y  s i m i l a r  
c o g n i t i v e  p r o c e s s  o r  p r o b l e m  s o l v i n g  s k i l l s  i n  a n s w e r i n g  
t h e  m u l t i p l e - c h o i c e  i t e m s  as t h e y  d i d  i n  a n s w e r i n g  t h e  
f r e e - r e s p o n s e  p r o b l e m s .
T h e r e  i s  s o m e t i m e s  more  t h a n  one m e th o d  o f  s o l v i n g  a 
g i v e n  p r o b l e m .  liie can  g e t  some i n d i c a t i o n  o f  a p u p i l ’ s 
u n d e r s t a n d i n g  o f  t h e  c o n c e p t s  i n v o l v e d  by n o t i n g  w h i c h  
m e t h o d  he a d o p t s .  C o n s i d e r ,  f o r  e x a m p l e ,  t h e  f o l l o w i n g  
p r o b l e m :
”  A b a l l  o f  mass 0 . 1  kg  i s  d r o p p e d  f r o m  a h e i g h t  o f  2m 
and  r e b o u n d s  t o  a h e i g h t  o f  1 .8 m .  E s t i m a t e  t h e  l o s s  
i n  k i n e t i c  e n e r g y  o f  t h e  b a l l  on h i t t i n g  t h e  g r o u n d . ”
I f  t h e  p u p i l  s o l v e s  t h i s  p r o b l e m  by- s i m p l y  c a l c u l a t i n g  
t h e ' l o s s  i n  g r a v i t a t i o n a l  p o t e n t i a l  e n e r g y  and e q u a t i n g  
t h i s  t o  t h e  l o s s  i n  k i n e t i c  e n e r g y  on h i t t i n g  t h e  g r o u n d ,  
t h e n  he h a s  a r g u a b l y  a b e t t e x  u n d e r s t a n d i n g  o f  t h e  
c o n c e p t s  i n v o l v e d  t h a n  a p u p i l  who u s e s  t h e  e q u a t i o n s  
o f  m o t i o n  t o  c a l c u l a t e  t h e  sp ee d  b e f o r e  and a f t e r  
h i t t i n g  t h e  g r o u n d ,  and t h e n  c a l c u l a t e s ,  by t h e  f o r m u l a ,  
t h e  c o r r e s p o n d i n g  k i n e t i c  e n e r g i e s .
I n  t h e  same w a y ,  t h e  p u p i l  who can  i m m e d i a t e l y  come 
up w i t h  t h e  a n s w e r  t o  t h e  f o l l o w i n g  p r o b l e m  i s  s h o w i n g  
a c l e a r  u n d e r s t a n d i n g  o f  t h e  l a w  o f  c o n s e r v a t i o n  o f  
mom en tum .
” A s p a c e  c r a f t  c o n s i s t s  o f  one m a in  s e c t i o n  o f  mass M kg 
and  t h r e e  a u x i l l i a r y  u n i t s  each  o f  mass 0 . 1  M k g .  D u r i n g  
f l i g h t  i n  a s t r a i g h t  l i n e  i n  s p a c e ,  each  a u x i l l i a r y  u n i t  
i s  j e t t i s o n e d  i n  t u r n  by p r o j e c t i n g  i t  b a c k w a r d s  f r o m
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t h e  m a i n  s e c t i o n  so t h a t  i t  r e m a i n s  m o t i o n l e s s  i n  s p a c e .  
A f t e r  a l l  t h r e e  a u x i l l i a r y  u n i t s  h a v e  b e e n  j e t t i s o n e d ,  
t h e  s p e e d  o f  t h e  m a in  s e c t i o n  i s  13m s D e t e r m i n e
t h e  s p e e d  o f  t h e  s p a c e  c r a f t  b e f o r e  t h e  f i r s t  a u x i l i a r r y  
u n i t  i s  j e t t i s o n e d , ”
T h e  a b i l i t y  t o  s o l v e  p r o b l e m s  i s ,  o f  c o u r s e ,  t h e  u l t i m a t e  
t e s t  o f  c o n c e p t  u n d e r s t a n d i n g .  T h e r e  i s  a l s o  a n e e d  t o  
t e s t  t h e  p u p i l ’ s u n d e r s t a n d i n g  o f  t h e  c o n c e p t  a t  
i n t e r m e d i a t e  s t a g e s  o f  d e v e l o p m e n t  o f  t h e  c o n c e p t .
Some o t h e r  t e c h n i q u e  w o u l d  be r e q u i r e d  f o r  s u c h  
i n t e r m e d i a t e  t e s t i n g  o f  c o n c e p t  d e v e l o p m e n t .
M u l t i p l e - c h o i c e  i t e m s  ca n  be u s e d  t o  t e s t  f o r  r e c a l l  o f  
b a s i c  c o n c e p t  d e f i n i t i o n s ,  o r  t o  t e s t  t h e  a b i l i t y  t o  
a p p l y  a p r i n c i p l e ,  as t h e  f o l l o w i n g  e x a m p l e s  sh o w :
1 97 7  0 - G r a d e  P a p e r  I I  Q7.
W h ic h  o f  t h e  f o l l o w i n g  m e a s u r e s  f o r c e ?
A mass x a c c e l e r a t i o n
B mass x  v e l o c i t y
2
C ' x  mass x v e l o c i t y
D w e i g h t  x h e i g h t  r a i s e d
E mass x h e i g h  r a i s e d
1 97 5  H - G r a d e  P a p e r  I  Q9
An u n b a l a n c e d  f o r c e  o f  BON a c t s  on a mass o f  3 . 0  k g .  I f  
t h e  f o r c e  a c t s  f o r  0 . 1 s ,  t h e  i m p u l s e  g i v e n  t o  t h e  mass i s
A 20 Ns k g ' ” 1 
B BO Ns 
C 18 kg  Ns
D 20 N k g " 1
E 60 N
H o w e v e r ,  as was d i s c u s s e d  i n  c h a p t e r  4 ,  t h e  r e s u l t s  o f  
m u l t i p l e - c h o i c e  t e s t s  r e q u i r e  c a r e f u l  d e t a i l e d  a n a l y s i s  
b e f o r e  t h e  t e a c h e r  ca n  o b t a i n  s p e c i f i c  i n f o r m a t i o n  a b o u t  
a p u p i l 1s u n d e r s t a n d i n g  o f  a c o n c e p t .  I n  g e n e r a l ,  
t e a c h e r s  c a n n o t  a f f o r d  t o  s p e n d  a g r e a t  d e a l  o f  t i m e  
a n a l y s i n g  t h e  r e s u l t s  o b t a i n e d  f r o m  a m u l t i p l e - c h o i c e
t e s t .  I n  m o s t  c a s e s ,  t h e y  m u s t  be s a t i s f i e d  w i t h  a t o t a l  
s c o r e  f o r  e a c h  p u p i l .  A g r e a t  d e a l  o f  p o t e n t i a l l y  
u s e f u l ,  d i a g n o s t i c  i n f o r m a t i o n  i s  w a s t e d  b e c a u s e  t h e  
t e a c h e r  c a n n o t  a f f o r d  t h e  t i m e  t o  a n a l y s e  t h e  r e s u l t s  
i n  f u l l .
C o m p u t e r  p r o g r a m s  a r e  a v a i l a b l e  t o  p e r f o r m  t h e  d e t a i l e d  
i t e m  a n a l y s i s  o f  a m u l t i p l e - c h o i c e  t e s t .  One s u c h  
p r o g r a m  was u s e d  t o  a n a l y s e  t h e  p u p i l  t e s t s  d e s c r i b e d  
i n  c h a p t e r  4 .  More  r e c e n t l y ,  m u l t i p l e - c h o i c e  t e s t  
a n a l y s i s  p r o g r a m s  h a v e  b ee n  d e v e l o p e d  f o r  i n - s c h o o l  use  
on  a d e s k - t o p  m i c r o c o m p u t e r .  The  p u p i l  w o u l d  r e c o r d  h i s  
r e s p o n s e s  on a m a r k - s e n s e  c a r d ,  w h i c h  he w o u l d  t h e n  f e e d  
i n t o  a c a r d  r e a d e r  c o n n e c t e d  d i r e c t l y  t o  t h e  m i c r o c o m p u t e r .  
I n  a v e r y  s h o r t  t i m e ,  t h e  c o m p u t e r  w o u l d  p r i n t  o u t  a 
d e t a i l e d  a n a l y s i s  o f  h i s  p e r f o r m a n c e ,  s h o w i n g  n o t  j u s t  
t h e  p u p i l ’ s t o t a l  s c o r e ,  b u t  h i s  s c o r e  on e a c h  s e p a r a t e  
’ s u b - t e s t ’ . A s u b - t e s t  i s  a s e l e c t i o n  o f  i t e m s  f r o m  t h e  
w h o l e  t e s t  b a t t e r y ,  w h i c h  h a v e  b e e n  g r o u p e d  t o g e t h e r  
( b y  t h e  t e a c h e r )  b e c a u s e  t h e y  r e l a t e  t o  a s p e c i f i c  c o n c e p t  
o r  p r i n c i p l e .  I f  d e s i r e d ,  t h e  p u p i l ’ s a c t u a l  s c o r e  on 
a ny  s u b - t e s t  c o u l d  be c o m p a r e d  t o  an ’ e x p e c t e d  s c o r e ’ ( a  
h y p o t h e t i c a l  s c o r e  b a s e d  on t h e  i t e m  s t a t i s t i c s  a c c u m u l a t e d  
by  t h e  c o m p u t e r )  a n d ,  w h e r e  t h e  p u p i l  f a i l e d  t o  r e a c h  t h e  
e x p e c t e d  s c o r e ,  he w o u l d  be d i r e c t e d  t o  some r e m e d i a l  
t e a c h i n g  s e q u e n c e .  The  c o m p u t e r  w o u l d  p r o v i d e  t h e  
t e a c h e r  w i t h  v a r i o u s  summary  r e p o r t s  s h o w i n g ,  f o r  e x a m p l e ,  
t h e  d i s t r i b u t i o n  o f  p u p i l  t o t a l  s c o r e s  and  s c o r e s  on 
e a c h  s u b - t e s t  f o r  a w h o l e  c l a s s ,  t h e  d e t a i l e d  i t e m  
s t a t i s t i c s  f o r  a p a r t i c u l a r  t e s t ,  and t h e  c u m u l a t i v e  
p r o f i l e  o f  p e r f o r m a n c e  f o r  any s e l e c t e d  p u p i l  o v e r  a 
n u m b e r  o f  t e s t s .
A c o m p u t e r  p r o g r a m  o f  t h e  t y p e  j u s t  d e s c r i b e d  ca n  
p r o v i d e  t h e  t e a c h e r  w i t h  c o m p r e h e n s i v e  d i a g n o s t i c  
i n f o r m a t i o n  a b o u t  t h e  l e v e l  o f  u n d e r s t a n d i n g  o f  e a c h  
i n d i v i d u a l  p u p i l .  ^ c r u c i a l  f a c t o r ,  h o w e v e r ,  w i l l  be 
t h e  q u a l i t y  o f  t h e  t e s t  i t e m s  u s e d .  C l e a r l y  t h e r e
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W i l l  be l i t t l e  v a l u e  i n  h a v i n g  d e t a i l e d  i n f o r m a t i o n  
a b o u t  p u p i l  p e r f o r m a n c e  on a m u l t i p l e - c h o i c e  t e s t  
i n  w h i c h  t h e  i t e m s  w e re  i n a p p r o p r i a t e ,  i n v a l i d  a n d / o r  
u n r e l i a b l e .  A g r e a t  d e a l ,  t h e r e f o r e ,  m i l l  d e p e n d  
on  t h e  c o n s t r u c t i o n  o f  t h e  i n i t i a l  t e s t .
I n  t h e  p a s t ,  m u l t i p l e —c h o i c e  t e s t s  h a v e  b ee n  n o r m —
r e f e r e n c e d  t e s t s .  F o r  o u r  p r e s e n t  p u r p o s e s ,  a c r i t e r i o n — 
r e f e r e n c e d  t e s t  i s  more  a p p r o p r i a t e .  P i l l i n e r  ( 9 5 )  has  
g i v e n  a u s e f u l  summary  o f  t h e  d i f f e r e n c e s  b e t w e e n  n o r m -  
r e f e r e n c e d  and c r i t e r i o n - r e f e r e n c e d  t e s t s ,  as f o l l o w s :
" F i r s t ,  t h e y  d i f f e r  i n  t h e  p u r p o s e  f o r  w h i c h  t h e  t e s t s  
w e r e  c o n s t r u c t e d :  f o r  t h e  n o r m - r e f e r e n c e d  t e s t ,  t o  
p l a c e  t h e  p u p i l  a t  a p o i n t  on a c o n t i n u u m  d e t e r m i n e d  
by  h i s  t e s t  p e r f o r m a n c e  i n  r e l a t i o n  t o  t h a t  o f  o t h e r  
p u p i l s ;  f o r  t h e  c r i t e r i o n - r e f e r e n c e d  t e s t ,  t o  p l a c e  
h im  i n  a q u i t e  d i f f e r e n t  c o n t i n u u m  d e f i n e d  by a s e t  o f  
p r o g r e s s i v e  t a s k s  a t  a p o i n t  w h i c h  m a r k s  o f f  t h e  t a s k s
he  c a n  do f r o m  t h o s e  he c a n n o t  y e t  d o .
S e c o n d  ( f o l l o w i n g  f r o m  t h e  f i r s t ) ,  t h e y  d i f f e r  i n  t h e  
m a n n e r  i n  w h i c h  t h e y  a r e  c o n s t r u c t e d :  f o r  t h e  n o r m -
r e f e r e n c e d  t e s t ,  a c o n s t r u c t i o n  p r o c e d u r e  d i r e c t e d  
a t  p r o d u c i n g  an i n s t r u m e n t  c a p a b l e  o f  d i s c r i m i n a t i n g  
a s  w i d e l y  as p o s s i b l e  among t h e  p u p i l s  t e s t s ,  f r o m  
w h i c h  f o l l o w s  t h e  r e j e c t i o n  o f  i t e m s  w h i c h  do n o t  a i d  
t h i s  d i s c r i m i n a t i o n ;  f o r  t h e  c r i t e r i o n - r e f e r e n c e d  t e s t ,  
i n c l u s i o n  o f  i t e m s  r e p r e s e n t i n g  a c o n t i n u u m  o f  r e l e v a n t  
t a s k s  w h i c h  may o r  may n o t  i n c l u d e  i t e m s  t h e  n o r m —r e f e r e n c e d  
t e s t  c o n s t r u c t o r  w o u l d  r e j e c t .
T h i r d ,  t h e y  d i f f e r  i n  t h e  u s e  t o  w h i c h  t h e  i n f o r m a t i o n  
d e r i v e d  f r o m  t h e  a d m i n i s t r a t i o n  o f  t h e  t e s t  i s  p u t .  The  
n o r m —r e f e r e n c e d  t e s t  a i d s  s e l e c t i o n  . . . .  ( a n d )  h e l p s  
p r e d i c t  s u b s e q u e n t  s u c c e s s .  T h e  c r i t e r i o n - r e f e r e n c e d  
t e s t  p i n p o i n t s  f o r  t h e  t e a c h e r  t h e  p r o b l e m s  e n c o u n t e r e d  
by  p u p i l s  a n d ,  more  g e n e r a l l y ,  p r o v i d e s  i n f o r m a t i o n  
a b o u t  w h a t  e a c h  p u p i l  c a n  o r  c a n n o t  d o .
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F o r  e a c h  p u p i l ,  t h e  n o r m - r e f e r e n c e d  t e s t  w i l l  p r o d u c e  
a s i n g l e  t o t a l  s c o r e ,  w h e r e a s  t h e  c r i t e r i o n —r e f e r e n c e d  
t e s t  w i l l  p r o d u c e  m ore  s p e c i f i c  i n f o r m a t i o n  a b o u t  p u p i l  
p e r f o r m a n c e  i n  t h e  f o r m  o f  a ’ p r o f i l e 1 o f  p a r t —s c o r e s *
A c r i t e r i o n —r e f e r e n c e d  t e s t  i s  d e s i g n e d  t o  m e a s u r e  t h e  
p u p i l ’ s p e r f o r m a n c e  o r  a t t a i n m e n t  i n  t e r m s  o f  some 
p r e v i o u s l y  s p e c i f i e d  c r i t e r i o n  p e r f o r m a n c e .  B e f o r e  t h e  
t e s t  c a n  be c o n s t r u c t e d ,  t h e  d e s i r e d  i n t e l l e c t u a l  s k i l l  
i s  a n a l y s e d  i n t o  i t s  c o m p o n e n t  p a r t s .  T h i s  a n a l y s i s  
s h o u l d  t a k e  a c c o u n t  o f  t h e  p a r t i c u l a r  a im  o f  t h e  t e a c h i n g  
s e q u e n c e ,  t h e  l o g i c a l  s t r u c t u r e  o f  t h e  c o n t e n t - m a t t e r  
c o n c e r n e d ,  and  t h e  p r i o r  k n o w l e d g e  o f  t h e  p u p i l s .  The  
o u t c o m e  o f  t h e  a n a l y s i s  w i l l  be a s e r i e s  o f  s p e c i f i c  
( b e h a v i o u r a l )  o b j e c t i v e s ,  on t h e  b a s i s  o f  w h i c h  t h e  i t e m s  
f o e  t h e  t e s t  may be s e l e c t e d .  The  i t e m s  w h i c h  a r e  
i n c l u d e d  i n  t h e  t e s t  m u s t  b e ,  i n d i v i d u a l l y ,  v a l i d  m e a s u r e s  
o f  some a s p e c t  o f  t h e  r e q u i r e d  c r i t e r i o n  o r  ’ d o m a i n  o f  
b e h a v i o u r 1 a n d ,  c o l l e c t i v e l y , m u s t  p r o v i d e  an a d e q u a t e  
r a n d o m  s a m p l e  o f  t h e  ’ d o m a i n ’ .
P i l l i n e r  ( 9 5 )  h a s  p o i n t e d  o u t  some o f  t h e  p r o b l e m s  
i n v o l v e d  i n  c o n s t r u c t i n g  c r i t e r i o n - r e f e r e n c e d  ( o r  ’ d o m a i n -  
r e f e r e n c e d ’ ) t e s t s .  T h e s e  i n c l u d e  t h e  d e t a i l e d  m a p p in g  
o f  a l a r g e  d o m a i n ,  t h e  p r o d u c t i o n  o f  a t e s t  w h i c h  i s  an 
u n b i a s e d  s a m p l e  o f  a l a r g e  d o m a in  b u t  s t i l l  o f  p r a c t i c a b l e  
l e n g t h ,  t h e  f i x i n g  o f  ’ c u t - o f f ’ s c o r e s  and t h e  r e l i a b i l i t y  
and  v a l i d i t y  o f  t h e  f i n a l  t e s t .  The c o n s t r u c t i o n  o f  
c r i t e r i o n —r e f e r e n c e d  t e s t s  and t h e  t e c h n o l o g y  o f  d o m a i n -  
r e f e r e n c e d  t e s t i n g  a r e  d e s c r i b e d  i n  d e t a i l  by B ro w n  ( 8 5 ) .
A m a j o r  a d v a n t a g s  o f  t h e  c r i t e r i o n —r e f e r e n c e d  t e s t  i s  
t h a t  i t  p r o v i d e s  t h e  t e a c h e r  w i t h  d i a g n o s t i c  i n f o r m a t i o n  
a b o u t  e a c h  p u p i l ’ s p e r f o r m a n c e *  As B ro w n  p u t s  i t  
wj_t h a s  t h e  p o t e n t i a l  t o  be u s e d  t o  a i d  p u p i l s  l e a r n i n g  • 
C r i t e r i o n - r e f e r e n c e d  t e s t s ,  t h e r e f o r e ,  a r e  o f  p a r t i c u l a r  
v a l u e  i n  t h e  f n r m a t i v e  a s s e s s m e n t  o f  p u p i l s  a b i l i t i e s  
a t  e a c h  s t a g e  o f  t h e  l e a r n i n g  s e q u e n c e .  F o r  e x a m p l e ,
i f  t h e  t e a c h e r  was a b o u t  t o  i n t r o d u c e  a new c o n c e p t  o r  
p r i n c i p l e  t o  a c l a s s ,  i t  w o u ld  be h e l p f u l  i f  t h e  t e a c h e r  
c o u l d  be c e r t a i n  t h a t  a l l  t h e  p u p i l s  had  t h e  n e c e s s a r y  
p r i o r  k n o w l e d g e  and w e re  t h e r e f o r e  ’ r e a d y ’ t o  l e a r n  t h e  
new c o n c e p t .  I n  t h e  same way ,  b o t h  t h e  t e a c h e r  and 
p u p i l  w o u l d  b e n e f i t  f r o m  d i a g n o s t i c  i n f o r m a t i o n  a b o u t  
t h e  g r o w t h  o f  u n d e r s t a n d i n g  o f  t h e  c o n c e p t  a s  t h e  
l e a r n i n g  s e q u e n c e  p r o g r e s s e d .  Where  t h e  p u p i l  s h ow s  
a l a c k  o f  u n d e r s t a n d i n g ,  i t  w o u l d  be h e l p f u l  i f  t h e  
p o s s i b l e  c a u s e  c o u l d  q u i c k l y  be a s c e r t a i n e d .
T h e r e  i s ,  we b e l i e v e ,  a p l a c e  f o r  c r i t e r i o n - r e f e r e n c e d  
m u l t i p l e - c h o i c e  t e s t s  o f  c o n c e p t s  and p r i n c i p l e s  w h i c h  
c o u l d  be u s e d  by t h e  t e a c h e r  i n  t h e  c l a s s r o o m  t o  o b t a i n  
d i a g n o s t i c  i n f o r m a t i o n  on t h e  p u p i l s ’ u n d e r s t a n d i n g  o f  
a p a r t i c u l a r  c o n c e p t  o r  p r i n c i p l e .  E x i s t i n g  m u l t i p l e -  
c h o i c e  i t e m s  t a k e n  f r o m  p a s t  S . C . E .  p a p e r s  o r  o t h e r  
s o u r c e s ,  a r e  n o t  s u i t a b l e  f o r  t h e  p u r p o s e  we h a v e  i n  m i n d ,  
s i n c e  t h e y  g e n e r a l l y  i n v o l v e  m o re  t h a n  one  c o n c e p t  o r  
p r i n c i p l e  a n d ,  b e i n g  n o r m - r e f e r e n c e d ,  t h e y  w i l l  be 
h i g h l y  d i s c r i m i n a t i n g .  T he  s o r t  o f  t e s t  i t e m s  we h a v e  
i n  m in d  w o u l d  be s p e c i f i c a l l y  r e l a t e d  t o  i n d i v i d u a l  
c o n c e p t s  ( a t  l e a s t  t o  s t a r t  w i t h )  and w o u l d  g i v e  
o b j e c t i v e  e v i d e n c e  o f  t h e  p u p i l ’ s i n c r e a s i n g  ’ m a s t e r y ’ 
o f  t h e  c o n c e p t ,  as l e a r n i n g  p r o g r e s s e d .
U l t i m a t e l y ,  we w o u l d  e n v i s a g e  t h e  t e a c h e r s  b e i n g  a b l e  
t o  s e l e c t  a p p r o p r i a t e  t e s t  i t e m s  t o  s u i t  t h e  r e q u i r e m e n t s  
o f  t h e i r  p a r t i c u l a r  c l a s s e s  f r o m  a l a r g e  ’ i t e m  b a n k ’ o f  
c r i t e r i o n  r e f e r e n c e d  t e s t  i t e m s .  T h i s  w o u l d  i n v o l v e  t h e  
u s e  o f  some f o r m  o f  ’ i t e m  s p e c i f i c a t i o n ’ c o d e  t o  a i d  
s e l e c t i o n  o f  a p p r o p r i a t e  i t e m s .  H o w e v e r ,  t h i s  i s  n o t  
o u r  i m m e d i a t e  c o n c e r n .  We m u s t  f i r s t  c o n s i d e r  t h e  
b a s i c  s p e c i f i c a t i o n s  f o r  t h e  p r o p o s e d  t e s t  o f  c o n c e p t  
a t t a i n m e n t .  T h e s e  t e s t  s p e c i f i c a t i o n s  w o u l d  i n  
p r a c t i c e ,  be a p p l i c a b l e  t o  o u r  i n v e s t i g a t i o n  o f  t h e  
p u p i l s ’ c o n c e p t  u n d e r s t a n d i n g .
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F o r  o u r  p u r p o s e s ,  we r e q u i r e d  t o  t e s t  t h e  c o n c e p t u a l  
u n d e r s t a n d i n g  o f  a l a r g e ,  r e p r e s e n t a t i v e  s a m p l e  o f  
p u p i l s ,  a t  0 —G ra d e  s t a g e  and b e y o n d ,  u s i n g  a s t a n d a r d i s e d  
t e s t i n g  p r o c e d u r e .  T h i s ,  we r e a l i s e d  f r o m  t h e  o u t s e t ,  
w o u l d  n o t  e a s i l y  be a c h i e v e d  by a c l i n i c a l  i n t e r v i e w  
t e c h n i q u e ,  i n  v i e w  o f  t h e  n um be r  o f  p u p i l s  l i k e l y  t o  be 
i n v o l v e d .  T he  i n d i v i d u a l  i n t e r v i e w  h a s  c e r t a i n  
a d v a n t a g e s  ( e . g .  i t  a l l o w s  t h e  i n t e r v i e w e r  t o  f o l l o w  up 
c e r t a i n  a n s w e r s  t o  g a i n  more  i n f o r m a t i o n  a b o u t  t h e  p u p i l ’ s 
u n d e r s t a n d i n g ,  and  i t  a l l o w s  t h e  p u p i l  t o  ask  q u e s t i o n s  
w h e r e  n e c e s s a r y )  b u t  i t  i s  s l o w  and c u m b e rs o m e  i n  u s e ,  
and  i s  d i f f i c u l t  t o  m a i n t a i n  a s t a n d a r d  f o r m a t  f o r  a l l  
i n t e r v i e w s .  T h e r e  w o u l d  a l s o  be p r a c t i c a l  d i f f i c u l t i e s  
i n  c a r r y i n g  o u t  s u c h  i n d i v i d u a l  i n t e r v i e w s  i n  a s c h o o l  
s i t u a t i o n  o v e r  an e x t e n d e d  p e r i o d  o f  t i m e .  liie d e c i d e d  
t h a t  t h e  m o s t  a p p r o p r i a t e  t e c h n i q u e ,  t o  o b t a i n  as  much 
i n f o r m a t i o n  as p o s s i b l e  i n  t h e  t i m e  a v a i l a b l e ,  w o u l d  be 
l a r g e  s c a l e  g r o u p  t e s t i n g  s u p p l e m e n t e d ,  w h e r e  p o s s i b l e ,  
by  i n d i v i d u a l  i n t e r v i e w s  t o  c h e c k  t h e  v a l i d i t y  and  
r e l i a b i l i t y  o f  t h e  d a t a .  T h e  t e s t  m a t e r i a l s  w o u l d  
t h e r e f o r e  h a v e  t o  be i n  a f o r m  s u i t a b l e  f o r  u s e  w i t h  a 
l a r g e  g r o u p  o f  p u p i l s ,  p r o b a b l y  i n  a c l a s s r o o m  s i t u a t i o n ,  
a nd  p r e f e r a b l y  w i t h  t h e  a c t i v e  c o - o p e r a t i o n  o f  t h e  t e a c h e r .
I f  we h o p e d  t o  e n l i s t  t h e  a c t i v e  c o - o p e r a t i o n  o f  t h e  
t e a c h e r s  i n  a d m i n i s t e r i n g  our t e s t  m a t e r i a l ,  then it 
was c l e a r  t h a t  t h e  m a t e r i a l  would have t o  fulfil 
c e r t a i n  b a s i c  r e q u i r e m e n t s .
( 1 )  Th e  1c o n t e n t - v a l i d i t y 1 of the test material would
h a v e  t o  s a t i s f y  the teachers as subject matter experts. 
T h i s  w o u l d  r e q u i r e ,  for example, that the material 
w o u l d  h a v e  t o  be  clearly appropriate to the S.C.E. 
p h y s i c s  s y l l a b u s ,  and that the language, symbols and 
u n i t s  u s e d  w e r e  in accordance with standard practice.
( 2 )  The  t e s t  material would have to be in a format which 
was e a s y  t o  administer to a group of pupils. This 
w o u l d  probably involve a p e n c i l - a n d —p a p e r  test with 
c l e a r  unambiguous instructions*
x ) T h e  t e s t  m a t e r i a l  s h o u l d  be a t t r a c t i v e l y  p r e s e n t e d ,
and  s h o u l d  be i n t e r e s t i n g  and c h a l l e n g i n g  t o  t h e  p u p i l  
T h e  t e a c h e r s  m u s t  be c o n v i n c e d  t h a t  t h e  c o m p l e t i o n  
o f  t h e  t e s t  i s  l i k e l y  t o  b e n e f i t  t h e  p u p i l  i n  some way
( а ) The  t i m e  r e q u i r e d  t o  c o m p l e t e  t h e  t e s t  s h o u l d  be 
r e a s o n a b l e .  T h i s  w o u ld  p r o b a b l y  be 3 0 —40 m i n u t e s  
as  a m ax im um .
I f  we a r e  c o n s i d e r i n g  t h e  p o s s i b l e  s p e c i f i c a t i o n s  o f  a 
c o n c e p t  a t t a i n m e n t  t e s t  f o r  use  by t h e  t e a c h e r  i n  t h e  
c l a s s r o o m ,  t h e n  t h e  t i m e  r e q u i r e d  m u s t  be much l e s s  t h a n  
30 m i n u t e s  -  i n  t h i s  c a s e  5 - 1 0  m i n u t e s  w o u l d  be more  
r e a s o n a b l e .  F o r  s u c h  t e s t s ,  we w o u l d  add tw o  f u r t h e r  
c o n d i t i o n s  t o  t h e  a b o v e  l i s t :
( 5 )  The  t e s t  w o u l d  h a v e  t o  be e a s i l y  and m e a n i n g f u l l y
i n t e r p r e t e d  by b o t h  t e a c h e r  and p u p i l s .  T h i s  
w o u l d  p r o b a b l y  i n v o l v e  a co d e d  r e s p o n s e  f o r m a t  w i t h  
a m a r k i n g  k e y .  P a r t i c u l a r  p a t t e r n s  o f  r e s p o n s e  
s h o u l d  be a n t i c i p a t e d  and a p p r o p r i a t e  ’ e r r o r  m e s s a g e s ’ 
s h o u l d  be p r o v i d e d .
( б )  T h e  t e s t  f o r m a t  s h o u l d  be s u c h  t h a t  t h e  t e a c h e r  ca n
f e e l  r e a s o n a b l y  c o n f i d e n t  i n  h i s  a b i l i t y  t o  a d a p t  
t h e  f o r m a t  t o  t e s t  c o n c e p t u a l  u n d e r s t a n d i n g  i n  o t h e r  
a r e a s  o f  t h e  s y l l a b u s .  I n  o t h e r  w o r d s ,  t h e  t e s t
f o r m a t  s h o u l d  be u s a b l e  i n  a w i d e  v a r i e t y  o f  d i f f e r e n t
c o n t e x t s .
F r o m  t h e o r e t i c a l  c o n s i d e r a t i o n s ,  i f  a p u p i l  h a s  f u l l y  
g r a s p e d  a c o n c e p t ,  we m i g h t  e x p e c t  h im  t o  be a b l e  t o  :
( 1 )  name t h e  c o n c e p t
( 2 ) i d e n t i f y  i n s t a n c e s  o f  t h e  c o n c e p t
( 3 )  d i s c r i m i n a t e  b e t w e e n  e x a m p l e s  and n o n - e x a m p l e s  o f  t h e  
c o n c e p t
( 4 ) s t a t e  t h e  r u l e ( s )  w h i c h  he i s  a p p l y i n g  t o  d i s c r i m i n a t e  
b e t w e e n  i n s t a n c e s  and n o n - i n s t a n c e s
( 5 )  s o l v e  p r o b l e m s  i n v o l v i n g  t h e  c o n c e p t
I f  a p u p i l  h a s  f u l l y  g r a s p e d  a p r i n c i p l e ,  we m i g h t  e x p e c t  
h im  t o  be a b l e  t o  u s e  t h e  p r i n c i p l e  t o
( 1 )  p r e d i c t  t h e  c o n s e q u e n c e s  o f  a g i v e n  s e t  o f  c o n d i t i o n s
( 2 )  i n f e r  t h e  i n i t i a l  c o n d i t i o n s  w h i c h  p r o d u c e s  a g i v e n  
o u t c o m e
( 3 )  e x p l a i n  why a g i v e n  o u t c o m e  m u s t  f o l l o w  f r o m  a g i v e n  
s e t  o f  c o n d i t i o n s
( 4 ) s o l v e  p r o b l e m s
I f  we a r e  i n v e s t i g a t i n g  t h e  p u p i l ’ s u n d e r s t a n d i n g  o f  a 
c o n c e p t  o r  p r i n c i p l e ,  t h e n  we s h o u l d  r e q u i r e  h im  t o  
d e m o n s t r a t e  any  o r  a l l  o f  t h e s e  a b i l i t i e s .
What  t e c h n i q u e s  a r e  a v a i l a b l e  t o  do t h i s ?  We h a v e  
a l r e a d y  d i s c u s s e d  a p o s s i b l e  t e c h n i q u e ,  b a s e d  on t h e  
c o n v e n t i o n a l  e x t e n d e d  a n s w e r  p r o b l e m ,  w h i c h  m i g h t  be 
a p p r o p r i a t e  f o r  i n v e s t i g a t i n g  c o n c e p t  u n d e r s t a n d i n g  
i n  a p r o b l e m - s o l v i n g  s i t u a t i o n .  F o r  more  b a s i c  l e v e l s  
o f  u n d e r s t a n d i n g ,  we m i g h t  u s e  m u l t i p l e - c h o i c e  t e s t  i t e m s ,  
b u t  m o s t  e x i s t i n g  i t e m s ,  as we h a v e  n o t e d ,  w i l l  be h i g h l y  
d i s c r i m i n a t i n g  n o r m - r e f e r e n c e d  i t e m s  and  may t h e r e f o r e  be 
i n a p p r o p r i a t e .  C r i t e r i o n - r e f e r e n c e d  m u l t i p l e - c h o i c e  
i t e m s  a r e  n o t  y e t  a v a i l a b l e  i n  q u a n t i t y .
T h e  w o r d - a s s o c i a t i o n  t e c h n i q u e ,  d e s c r i b e d  i n  c h a p t e r  2 ,  
i s  m o re  s u i t e d  t o  i n v e s t i g a t i n g  t h e  i n t e r - r e l a t i o n s h i p s  
b e t w e e n  c o n c e p t s ,  and w o u l d  n o t  p r o v i d e  much i n f o r m a t i o n  
a b o u t  t h e  p u p i l ’ s a b i l i t y  t o  d i s c r i m i n a t e  b e t w e e n  
i n s t a n c e s  and n o n - i n s t a n c e s ,  o r  t o  u s e  a p r i n c i p l e  f o r  
i n f e r e n c e  o r  p r e d i c t i o n .  I n  a d d i t i o n ,  i t  i s  d i f f i c u l t  
t o  s e e  how t e a c h e r s  c o u l d  g e t  r a p i d  f e e d b a c k  o f  
i n f o r m a t i o n  f r o m  t h e  w o r d - a s s o c i a t i o n  t e c h n i q u e .
None o f  t h e  a v a i l a b l e  t e c h n i q u e s  r e q u i r e  t h e  p u p i l  t o  
d i s c r i m i n a t e  b e t w e e n  e x a m p l e s  and n o n —e x a m p l e s  o f  a 
c o n c e p t  o r  p r i n c i p l e ,  y e t ,  as K l a u s m e i e r ( 1 0 )  and  
M a r k l e  and T ie m a n n  ( l l ) h a v e  p o i n t e d  o u t ,  t h i s  m u s t  
be  an e s s e n t i a l  i n g r e d i e n t  o f  any  t e s t  o f  c o n c e p t  
a t t a i n m e n t .  We d e c i d e d ,  t h e r e f o r e ,  t o  t r y  t o  d e v i s e  
a s i m p l e  o b j e c t i v e  m e th o d  o f  d o i n g  t h i s .
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^ e  w e r e  i n t e r e s t e d  t o  r e a d  o f  a p r o g r a m m e d  l e a r n i n g  
t e c h n i q u e  c a l l e d  s t r u c t u r a l  c o m m u n i c a t i o n  ( 8 2 , 8 3 , 8 4 )  
s i n c e  t h e  a s s e s s m e n t  c o m p o n e n t  o f  t h i s  t e c h n i q u e  seemed 
t o  be a p p r o p r i a t e  t o  o u r  p u r p o s e s .  Egan h a s  d e s c r i b e d  
how t h e  t e c h n i q u e  w o u l d  o p e r a t e .
1 .  INTENTION 3 .  IN VEST IG AT IO N  _
M JC X
2 .  PRESENTATION “  5 .  D ISCUSSION ^
4 .  RESPONSE ^  S.  VIEWPOINTS
" T h e  b a s i c  e l e m e n t  o f  S t r u c t u r a l  C o m m u n i c a t i o n  i s  a 
f S t u d y  U n i t 1 • • • •  F o l l o w i n g  t h e  PRESENTATION ( a  s p e c i a l l y  
p r e p a r e d  t e s t )  t h e  s t u d e n t  comes t o  t h e  IN V ES T IG A T IO N  
s e c t i o n ,  w h e r e  he i s  f a c e d  w i t h  t h r e e  t o  f i v e  p r o b l e m s ,  
e a c h  c o v e r i n g  a m a j o r  t h e m e  o f  t h e  m a t e r i a l  o f  t h e  
PRESENTATION. The  s t u d e n t  makes  h i s  RESPONSE by means 
o f  a m a t r i x  o f  a p p r o x i m a t e l y  20 i t e m s ,  w h i c h  r e - e x p r e s s  i n  
s u m m a r i s e d  o r  ' s t r u c t u r e d *  f o r m  t h e  c o n t e n t  o f  t h e  
p r e s e n t a t i o n  . . .  Each p r o b l e m  i s  a n s w e r e d  f r o m  t h e  
same m a t r i x  and  t h e  k n o w l e d g e  e l e m e n t s  a r e  ’ s t r u c t u r e d 1 
i n  Such  a way t h a t ,  as t h e  s t u d e n t  b u i l d s  h i s  r e s p o n s e ,  
t h e  v a r i o u s  p a t t e r n s  and r e l a t i o n s h i p s  o f  m e a n i n g  e m e r g e .
I n  e f f e c t ,  each p r o b le m  p r e s e n t s  t h e  s t u d e n t  w i t h  a 
d i f f e r e n t  o r g a n i s i n g  p r i n c i p l e  and,  w h i l e  he i s  engaged  
i n  r e - a s s e s s i n g  t h e  i t e m s  and r e l a t i o n s h i p s  a c c o r d i n g  t o  
t h e  d i f f e r e n t  p r i n c i p l e s ,  he i s  p e r f o r m i n g  a by no means
t r i v i a l  s y n t h e t i c  i n t e l l e c t u a l  a c t  -------  The  a u t h o r s  ca n
a s s e s s  i n  adva nce  t h e  i m p l i c a t i o n s  o f  c e r t a i n  o m i s s i o n s ,
c o m b i n a t i o n s ,  p a t t e r n s  o r  p a r t i c u l a r  i n c l u s i o n s  m  a
. . n -P fp r  a v a r i e t y  o f  DISCUSSIONs t u d e n t  s r e s p o n s e ,  and so o f f e r  a v a r i e t y  o r
+.« f n  r p f i n s  c o r r e c t ,  r e i n f o r c e  o r  s i m p l y  d i s c u s s  comments t o  r e r i n e ,  u u x x o - i - j
t h e  r e s p o n s e  made"
T h e  p a r t  w h ic h  p a r t i c u l a r l y  i n t e r e s t e d  us was t h e  use  o f  
t h e  same ' r e s p o n s e  i n d i c a t o r '  t o  answer  a number o f  
p r o b l e m s .  I n  a p r o b le m  s o l v i n g  s i t u a t i o n ,  such as we
•U H „ r i i = T  ( p . 1 3 8 ) ,  each box i n  t h e  m a t r i x  w o u ld  d e s c r i b e d  e a r l i e r  j #
• i ( a n  f o r c e  = mass x a c c e l e r a t i o n ; c o n t a i n  a p r i n c i p l e  ( e . g .  f o r c e  ---------  -------------------------
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T h e  p u p i l  w o u l d  c h o o s e  t h e  a p p r o p r i a t e  s e q u e n c e  o f  
b o x e s  t o  i n d i c a t e  w h a t  p r i n c i p l e s  he w o u l d  a p p l y  t o  t h e  
p r o b l e m  and t h e i r  s e q u e n c e  o f  a p p l i c a t i o n ,
Ule t h e n  e x t e n d e d  t h e  i d e a  a s t a g e  f u r t h e r .  S u p p o s e  
e a c h  b o x  i n  t h e  m a t r i x  c o n t a i n e d  an i n s t a n c e  o r  n o n ­
i n s t a n c e  o f  a p a r t i c u l a r  c o n c e p t .  T h e  p u p i l  c o u l d  
t h e n  be a s k e d  t o  c a t e g o r i s e  each  box  as an i n s t a n c e  
o r  n o n —i n s t a n c e  o f  t h e  c o n c e p t .  C l e a r l y  t h e  same b o x  
c o u l d  f u n c t i o n  as an i n s t a n c e  o f  one  c o n c e p t ,  b u t  a 
n o n —i n s t a n c e  o f  a n o t h e r  c o n c e p t .  By s u i t a b l e  s e l e c t i o n  
o f  i n s t a n c e s ,  we c o u l d  r e q u i r e  t h e  p u p i l  t o  make q u i t e  
f i n e  d i s c r i m i n a t i o n s  and so g e t  an i n d i c a t i o n  o f  t h e  
l e v e l  o f  u n d e r s t a n d i n g  o f  t h e  c o n c e p t ,
J o h n s t o n e  and  M u g h o l  ( 9 6 )  d e s c r i b e d  a s o m e w h a t  s i m i l a r  
r e s p o n s e  c h a r t  w h i c h  t h e y  d e v e l o p e d  f o r  a g r o u p  
d i a g n o s t i c  t e s t  o f  t h e  c o n c e p t  o f  ’ r e s i s t a n c e ’ .
G i l b e r t  and  O s b o r n e  ( 2 6 , 2 7 )  h a v e ,  m o re  r e c e n t l y ,  
d e s c r i b e d  t h e i r  ’ i n t e r v i e w - a b o u t - i n s t a n c e s ’ t e c h n i q u e  
f o r  i n v e s t i g a t i n g  c o n c e p t  u n d e r s t a n d i n g .  T h e y  u s e d  
a s e t  o f  s i m p l e  l i n e  d r a w i n g s  on i n d i v i d u a l  c a r d s  t o  
r e p r e s e n t  t h e  i n s t a n c e s  t o  be d i s c u s s e d  i n  an i n d i v i d u a l  
i n t e r v i e w  s i t u a t i o n .  T h e y  h a v e  u s e d  t h e  m e th o d  t o  
i n v e s t i g a t e  t h e  c o n c e p t s  o f  ’ w o r k T and ’ e l e c t r i c  c u r r e n t 1 
o v e r  a w i d e  age  r a n g e  ( 7 —18)  and c l a i m  t h a t  ’’ a s k i n g  
s t u d e n t s  t o  c l a s s i f y  i n s t a n c e s  a p p e a r s  t o  be m o re  p e r t i n e n t  
and  p e n e t r a t i n g  t h a n  a s k i n g  f o r  a d e f i n i t i o n ” ,
G i l b e r t  and O s b o r n e  n o t e  ’’ t h e  p r o b l e m  o f  c h o o s i n g  a 
l i m i t e d  b u t  a d e q u a t e  s e t  o f  i n s t a n c e s  so t h a t  v a r i o u s  
a s p e c t s  o f  a s t u d e n t ’ s u n d e r s t a n d i n g  o f  a c o n c e p t  ca n  
be  e x p l o r e d ”  and ’’ t h e  p r o b l e m  o f  c h o o s i n g  t h e  o r d e r  
o f  t h e  i n s t a n c e s  i n  t h a t  a p a r t i c u l a r  i n s t a n c e  may 
i n f l u e n c e  a s t u d e n t ’ s r e s p o n s e  t o  a l a t e r  i n s t a n c e ” .
T h e y  u s e d  some t e n  t o  t w e n t y  s e p a r a t e  i n s t a n c e s .  We 
u s e d ,  i n  o u r  i n v e s t i g a t i o n ,  a 5 x 5 g r i d  o f  b o x e s .  
P r e s e n t i n g  t h e  i n s t a n c e s  as a 5 x 5 a r r a y  makes  t h e  
o r d e r  o f  p r e s e n t a t i o n  l e s s  c r i t i c a l ,  s i n c e  a l l  25
i n s t a n c e s  a r e  d i s p l a y e d  a l l  t h e  t i m e ,  and t h e  p u p i l  can  
c o n s i d e r  them i n  any o r d e r  ( t h o u g h  i t  a p p e a r e d  t h a t  t h e y  
g e n e r a l l y  c o n s i d e r e d  them i n  n u m e r i c a l  o r d e r ) .
I t  may be a r g u e d  t h a t  p r e s e n t i n g  a l l  25 i n s t a n c e s  a t  
t h e  same t i m e  w o u l d  l e a d  t o  ’ i n f o r m a t i o n  o v e r l o a d ’ .
I n  f a c t  t h i s  does no t  o c c u r ,  s i n c e  each i n s t a n c e  i s  
c o n s i d e r e d  s e p a r a t e l y .  The p u p i l s  were  i n s t r u c t e d  t o  
c o n s i d e r  one c o n c e p t ,  and t o  go t h r o u g h  t h e  g i v e n  s e t  o f  
i n s t a n c e s ,  r e c o r d i n g  o n l y  t h o s e  w h ich  w ere  e x a m p le s  o f  
t h a t  c o n c e p t ,  t h e n  t o  r e p e a t  t h e  p r o c e s s  f o r  each  o f  t h e  
r e m a i n i n g  c o n c e p t s  i n  t u r n ,  ( I t  was i n t e r e s t i n g  t o  n o t e  
t h a t  t e a c h e r s  a d o p te d  a q u i t e  d i f f e r e n t  s t r a t e g y .  They  
c o n s i d e r e d  each i n s t a n c e  i n  t u r n  and c a t e g o r i s e d  i t  as an 
e x a m p le  o f  one o r  more c o n c e p t s ) .
A t  t h i s  s t a g e ,  we w e re  s t i l l  n o t  f u l l y  s a t i s f i e d  t h a t  we
w e r e  t e s t i n g  t h e  p u p i l ’ s u n d e r s t a n d i n g  o f  t h e  c o n c e p t .
I n  t e r m s  o f  B l o o m ’ s t a x o n o m y  ( 8 7 ) ,  i t  seemed t h a t  we had 
p r o g r e s s e d  f r o m  k n o w l e d g e  t h r o u g h  c o m p r e h e n s i o n  and 
a p p l i c a t i o n  and w e re  on t h e  f r i n g e s  o f  a n a l y s i s , b u t  
we had  n o t  d e a l t  w i t h  s y n t h e s i s  o r  e v a l u a t i o n . To 
u s e  a n o t h e r  a n a l o g y ,  we w e r e ,  up t i l l  now, ’ f i l i n g ’ d a t a  
u n d e r  d i f f e r e n t  c o n c e p t  h e a d i n g s ,  and t h i s  c e r t a i n l y  
r e q u i r e s  a d e g r e e  o f  ’ u n d e r s t a n d i n g ’ o f  t h e  d a t a ,  b u t  
u s i n g  o u r  ’ f i l i n g  s y s t e m ’ e f f i c i e n t l y  t o  e x t r a c t  a l l  
t h e  r e l e v a n t  d a t a  may r e q u i r e  a g r e a t e r  d e g r e e  o f  
’ u n d e r s t a n d i n g ’ . We d e c i d e d ,  t h e r e f o r e ,  t o  s t a r t  a g a i n
f r o m  t h e  o t h e r  e n d ,  as i t  w e r e .
We now i n t r o d u c e d  w h a t  l a t e r  became kn o w n  as ’’ t h e  
d r e a d e d  q u a n t i t y  X ” . We assum ed a g i v e n  q u a n t i t y  
c o u l d  be i d e n t i f i e d  by a s e r i e s  o f  ’ c l u e s ’ , e a c h  ’ c l u e ’ 
b e i n g  a l i t t l e  more  s p e c i f i c  t h a n  t h e  p r e v i o u s  o n e .
F o r  e x a m p l e ,  s u p p o s e  t h e  f i r s t  ’ c l u e ’ was ’’ The  q u a n t i t y  
X i s  p r o p o r t i o n a l  t o  t h e  mass o f  a bo d y  , Wb a r g u e d  
t h a t  a p u p i l  w o u l d  be a b l e ,  f r o m  h i s  u n d e r s t a n d i n g  o f  t h e  
d i f f e r e n t  c o n c e p t s ,  t o  s u g g e s t  s e v e r a l  p o s s i b l e  c o n c e p t s  
w h i c h  w o u l d  f i t  t h i s  ’ c l u e ’ . F o r  e x a m p l e ,  momentum,  
k i n e t i c  e n e r g y ,  w e i g h t  and d e n s i t y  w o u l d  be v a l i d  a n s w e r s
152
b u t  n o t  f o r c e  o r  i m p u l s e .  UJe f u r t h e r  a r g u e d  t h a t ,  g i v e n  
a s e c o n d  c l u e ’ ( e . g .  ’’ The q u a n t i t y  X i s  c o n s e r v e d  i n  an 
e l a s t i c  c o l l i s i o n ” ) ,  t h e  p u p i l  w o u l d  n a r r o w  down h i s  p o s s i b l e  
a n s w e r s  by u s i n g  t h e  c o m b in e d  i n f o r m a t i o n  p r o v i d e d  by t h e  tw o  
c l u e s .  And i f  we p r o v i d e d  a t h i r d ,  and a f o u r t h  ’ c l u e ’ , h i s  
c h o i c e  o f  c o n c e p t  w o u ld  be n a r r o w e d  down m o re  and m o re  u n t i l  
o n l y  o n e  c o n c e p t  r e m a i n e d .  Any f u r t h e r  c l u e s  s h o u l d  o n l y  
s e r v e  t o  c o n f i r m  t h e  c o r r e c t n e s s  o f  t h i s  c h o i c e .
T h e  n u m b e r  o f  v a l i d  c o n c e p t s  i d e n t i f i e d  a t  e ach  s t e p  
w o u l d ,  we a r g u e d ,  be a m e a s u r e  o f  t h e  p u p i l ’ s c o n c e p t  
u n d e r s t a n d i n g .  V a l u a b l e  i n f o r m a t i o n  w o u l d  a l s o  be 
d e r i v e d  f r o m  i n v a l i d  c o n c e p t s  s u g g e s t e d  by t h e  p u p i l  a t  
a ny  s t a g e .
UJe w o u l d  s u g g e s t  t h a t  t h e  t h o u g h t  p r o c e s s  i n v o l v e d  i n  
t h i s  t e c h n i q u e  i s  e v a l u a t i o n  o f  e ach  new p i e c e  o f  
i n f o r m a t i o n  a g a i n s t  t h e  e x i s t i n g  i n f o r m a t i o n  p r o v i d e d  
by  t h e  p r e v i o u s  ’ c l u e s ’ . F rom  o n l y  t h e  f i r s t ,  v e r y  
g e n e r a l ,  ’ c l u e ’ t h e  p u p i l  h as  t o  s y n t h e s i s e  a s e t  o f  
v a l i d  r e s p o n s e s .  As e a c h  new ’ c l u e ’ i s  p r o v i d e d ,  
he  w i l l  h a v e  t o  d i s c r i m i n a t e  b e t w e e n  t h e s e  r e s p o n s e s  
i n  t -he l i g h t  o f  t h e  a v a i l a b l e  i n f o r m a t i o n ,  and d i s c a r d  
a ny  r e s p o n s e s  w h i c h  a r e  no l o n g e r  v a l i d .  T h i s  w i l l  
r e q u i r e  a c a r e f u l  a n a l y s i s  o f  t h e  p r o p e r t i e s  o f  e a c h  
c o n c e p t .
T h e  t e c h n i q u e  was t h e n  f u r t h e r  r e f i n e d  by a s k i n g  t h e  
p u p i l  "How c o n f i d e n t  a r e  y o u  t h a t  y o u  have  c o r r e c t l y  
i d e n t i f i e d  t h e  q u a n t i t y  X ? ”  He was a s k e d  t o  r e s p o n d  
t o  t h i s  q u e s t i o n  on a f i v e - p o i n t  s c a l e  v a r y i n g  f r o m
( l ) :  " I  h a v e  no r e a l  i d e a ,  so I  have  j u s t  made a
g u e s s "  t o  ( 5 ) *  " I  kn ow  i t  i s  « « « . • •  and I  c a n  p r o v e  
i t ” . Me w o u l d  e x p e c t  a ’ n o r m a l ’ p a t t e r n  o f  r e s p o n s e s  
t o  show a g r a d u a l  i n c r e a s e  i n  t h e  ’ c o n f i d e n c e  r a t i n g ’ , as 
t h e  p u p i l  n a r r o w s  down t h e  n u m b e r  o f  p o s s i b l e  c o n c e p t s
i n v o l v e d .
A much m o re  i n t e r e s t i n g  s i t u a t i o n  a r i s e s  when a s h a r p  
d r o p  i s  r e c o r d e d  i n  t h e  ’ c o n f i d e n c e  r a t i n g ’ . When s u c h  
an a b r u p t  c h a n g e  o c c u r s ,  we w o u l d  i n f e r  t h a t ,  f o r  t h a t  
p u p i l ,  t h e  l a t e s t  p i e c e  o f  i n f o r m a t i o n  c o n f l i c t s ,  i n  some
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w a y ,  w i t h  t h e  e x i s t i n g  i n f o r m a t i o n  and c a n n o t  be m e a n i n g f u l l y  
a s s i m i l a t e d .
I n  some s i t u a t i o n s ,  t h e  p u p i l  w i l l  i g n o r e  t h e  new 
i n f o r m a t i o n  and r e t a i n  h i s  p r e v i o u s  c h o i c e  o f  c o n c e p t ,  
b u t  he w i l l  now be l e s s  c o n f i d e n t ,  k n o w i n g  t h a t  he h a s  n o t  
u s e d  a l l  t h e  g i v e n  i n f o r m a t i o n .  I n  o t h e r  s i t u a t i o n s ,  he 
w i l l  a b a n d o n  h i s  p r e v i o u s  c h o i c e  o f  c o n c e p t  b e c a u s e  t h e  
new i n f o r m a t i o n  i s  c l e a r l y  i n c o m p a t i b l e  w i t h  h i s  c h o s e n  
c o n c e p t .  I f  t h e  new i n f o r m a t i o n  i s  s p e c i f i c  e n o u g h ,  he 
may c h o o s e  a c o n c e p t  t o  f i t  o n l y  t h e  new i n f o r m a t i o n ,  
and  i g n o r e  t h e  e x i s t i n g  i n f o r m a t i o n .  I f  t h e  new 
i n f o r m a t i o n  i s  n o n - s p e c i f i c ,  he may s i m p l y  g u e s s .  I n  
e i t h e r  c a s e ,  he i s  c e r t a i n l y  l e s s  c o n f i d e n t .
A b r i e f  d e s c r i p t i o n  o f  t h e  t e s t  m a t e r i a l
liie c o n c l u d e  t h i s  c h a p t e r  w i t h  a b r i e f  d e s c r i p t i o n  o f  t h e  
t e s t  m a t e r i a l  as u s e d  i n  t h e  1 9 7 9 - 8 0  t r i a l .  A more  
d e t a i l e d  d e s c r i p t i o n ,  t o g e t h e r  w i t h  an e x p l a n a t i o n  o f  
t h e  e x p e r i m e n t a l  p r o c e d u r e  a d o p t e d  and an a n a l y s i s  o f  
t h e  r e s u l t s  o b t a i n e d ,  w i l l  be g i v e n  i n  t h e  n e x t  c h a p t e r .
T h e ’ t e s t  m a t e r i a l  was made up o f  tw o  p a r t s ,  1 and  2 .
I n  p a r t  1 ,  t h e  p u p i l  was g i v e n  a s e r i e s  o f  n i n e  s t a t e m e n t s ,  
o n e  p e r  p a g e ,  a b o u t  a q u a n t i t y  X. A f t e r  e a c h  s t a t e m e n t ,
t h e  p u p i l  was a s k e d  t o  w r i t e  down w h a t  he t h o u g h t  t h e  
q u a n t i t y  X c o u l d  b e ,  and t o  i n d i c a t e  how c o n f i d e n t  he 
was  t h a t  he had  c o r r e c t l y  i d e n t i f i e d  t h e  q u a n t i t y  X by 
t i c k i n g  one  o f  f i v e  b o x e s .  The q u a n t i t y  X was a t  no 
t i m e  f o r m a l l y  i d e n t i f i e d .
A c o p y  o f  t h e  p u p i l  i n s t r u c t i o n s  f o r  p a r t  1 ,  and  tw o  
s a m p l e  p a g e s  f r o m  p a r t  1 ,  a r e  g i v e n  i n  Tabl„e_,18»
I n  p a r t  2 ,  t h e  p u p i l  was p r o v i d e d  w i t h  a c h a r t  c o n t a i n i n g  
25 numbered b o x e s .  Each box c o n t a i n e d  some i n f o r m a t i o n  
a b o u t  one ( o r  more)  o f  t h e  c o n c e p t s  momentum, k i n e t i c  
e n e r g y . o r a v i t a t i o n a l  p o t e n t i a l  e n e r g y ,  fo r .c e  o r  i m p u l s e .
The p u p i l  was i n s t r u c t e d  t o  c o n s i d e r  each c o n c e p t  i n  t u r n ,  
and t o  w r i t e  down, on a p r e p a r e d  r e c o r d  s h e e t ,  t h e  numbers
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o f  t h e  b o x e s  on t h e  c h a r t  w h i c h  c o n t a i n e d  some i n f o r m a t i o n  
a b o u t  t h a t  c o n c e p t .  The  p u p i l  was f i n a l l y  a s k e d  t o  
s e l e c t ,  f o r  e a c h  c o n c e p t ,  t h e  t h r e e  m o s t  i m p o r t a n t  f e a t u r e s  
f r o m  t h e  o n e s  g i v e n  i n  t h e  c h a r t .
A c o p y  o f  p a r t  2 i s  g i v e n  i n  T a b l e  19
A s a m p l e  o f  t h e  w h o l e  t e s t ,  as c o m p l e t e d  by an H - G r a d e  
p u p i l  i s  g i v e n  i n  A p p e n d i x
TABLE 18 Sample o f  p a r t  1 o f  t e s t  m a t e r i a l
INSTRUCTIONS FOR’ PART 1 .
1. We a re  try in g  to  fin d  out how quickly  you can id e n tify  a p a r t ic u la r  
p h y s ic a l q u an tity  X (eg mass, v e lo c ity , tem perature, r e s is ta n c e , e t c . )  
from a s e r ie s  o f re la te d  s ta tem en ts, a l l  o f which apply to  the  q u a n tity  X. 
We are  a lso  in te re s te d  in  how confident you are  about your answers,
2. On the nex t page you w ill  find  the f i r s t  statem ent about the q u a n tity  X.
When you have read th is  s ta tem ent, we want you to  w rite  down the NAME o f
a p h y sica l q u an tity  the statem ent ap p lies to . I f  you th in k  the sta tem ent 
can r e f e r  to  mere than one q u a n tity , you should w rite  down the names of 
ALL th ese  q u a n t i t ie s .
A fte r  w ritin g  down your answer, put a t ic k  in  one of the  f iv e  boxes to  
in d ic a te  how confiden t you are about your answer. (For the f i r s t  one or 
two s ta tem en ts , you may be GUESSING what the q u an tity  X i s ,  but as you 
read  more sta tem ents about the q u an tity  X, you w il l  sooner o r l a t e r  reach 
a s tag e  when you KNOW what the q u an tity  X i s ) .
3. On each o f the follow ing pages, another statem ent about the q u a n tity  X
i s  added. We want you to  w rite  down what you th ink  q u an tity  X could be,
and to  in d ic a te  how confident you are about your answer, a t  each successive  
s ta g e , even when you fe e l sure you know what the q u a n tity  X i s .
4 . Be su re  your answers are w ritte n  down BEFORc you read the sta tem ents on
a l a t e r  page. Do NOT go back to  change or add to  an answer on a prev ious 
page.
5. Before you s t a r t ,  p lease complete the fo llo w in g :-
NAME MALE □  /FEMALE □  AGE □
SCHOOL/COLLEGE
STAGE OF STUDY: 0-Grade HND B.Sc
T ABLE 18 c d n t i m  i p H
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WHAT IS THE QUANTITY X?
X. ’The q u a n tity  X is  p roportional to  the mass o f a body".
2. The q u a n tity  X is  possessed by moving bodies".
3. "The q u a n tity  X is  conserved in  e la s t ic  c o ll is io n s  between bod ies".
4 . The q u a n tity  X in creases  when a force is  applied  to  a body
as  in d ic a te d  below :-
Q uantity X
See f o o tn o te  on page 183
Distance Tune
W rite down what you th in k  the q u an tity  X i s .
How confiden t are  you th a t  you have c o rre c tly  id e n tif ie d  the q u a n tity  X? 
(Put a t ic k  in  the ap p ro p ria te  box).
I  have no re a l  id ea , so X have ju s t  made a guess
I  cannot be su re , but I  suspect i t  might be...........
I  th ink  i t  i s ............. .. but I would lik e  more inform ation
I  am sure  i t  must be...........
I  know i t  i s .........and I  can prove i t














"The q u a n tity  X i s  p ro p o rtio n a l to  the mass o f a body",
"The q u a n tity  X is  possessed by moving bodies".
"The q u a n tity  X is  conserved in  e la s t ic  c o ll is io n s  between bod ies",
"The q u a n tity  X in c reases  when a force i s  applied  to  a body,
as in d ic a te d  below :-
See f o o tn o te  on page 183
D istance Time
"The change produced in  the q u an tity  X is  a measure of the work 
done by the app lied  force.*
"When a body is  re lea sed  from a height above the ground, the 
q u a n tity  X in c reases  as cne body f a l l s "
"The q u a n tity  X is  a s c a la r  q u an tity " .
"The q u a n tity  X is  measured in  J " .
, 2 *'"The q u a n tity  X is  defined by the equation * ?mv .
W rite down what you th ink  the quancity  X i s .
How confiden t are  you th a t you have c o rre c tly  id e n tif ie d  the q u a n tity  X? 
(Put a t ic k  in  the ap p ro p ria te  box).
I  have no re a l  id ea , so I have ju 6 t made a guess
I  cannot be su re , but I suspect i t  might b e . .........
I  th in k  i t  i s ........... but I would lik e  more inform ation
I am sure  i t  must be.................
I  know i t  i s .............and I can prove i t
SOW GO ON TO THE NEXT PAGS
TABLE 19 Sample o f  p a r t  2 n f  t e s t  mat.p r i  a l
INSTRUCTIONS FOR PART 2.
1. YJe a re  in te re s te d  here in  how much you can t e l l  us about fiv e  
r e la te d  q u a n ti t ie s  in  mechanics MOMENTUM, KINETIC ENERGY, 
GRAVITATIONAL POTENTIAL ENERGY, FORCE and IMPULSE.
2. We have provided you with a CHART to help you. Take out th is  
c h a rt and look a t i t .  You w ill  see th a t th ere  are  25 nianbered 
boxes on the c h a r t . Each box contains ONE piece o f inform ation 
“ a s ta tem en t, a formula, a diagram “ about one or more of the 
f iv e  q u a n t i t ie s  mentioned above.
3. Take each of the fiv e  q u a n tit ie s  in  tu rn , s ta r t in g  w ith MOMENTUM. 
Using the c h a r t ,  w rite  down, in the spaces provided o v e r le a f , the 
NUMBERS o f a l l  the boxes on the ch a rt which you th ink con ta in  some 
in fo rm ation  about momentum. Then do the same fo r  each of the 
rem aining q u a n t i t ie s .
Thus, i f  you were considering  the q u an tity  'FORCE", you might 
decide  th a t  box 6 on the ch a rt contains some inform ation about 
'fo rce*  and you would th e re fo re  w rite  the fig u re  *6' in  one of 
the  spaces under the heading FORCE (See o v e rlea f)
There are  12 spaces provided fo r each of the fiv e  q u a n t i t ie s .
You do NOT have to  put numbers in  ALL 12 SPACES. Put in  only 
as many as you th ink  are a p p ro p ria te .
You e n te r  some numbers under more than one heading.
You need not use every number on the c h a rt.
4 . Once you have en tered  a l l  the numbers for a p a r t ic u la r  q u a n tity ,
look c a re fu lly  on the ch a rt a t  the boxes to  which these numbers 
r e f e r .  S e lec t the THREE numbers which, in your op in ion , id e n tify  
the  MOST IMPORTANT fea tu re s  of the p a r t ic u la r  q u an tity  being 
considered , Enter these th ree  numbers, in  ORDER OF IMPORTANCE, 
in  the  '2 ' and '3 ' spaces a t  the end o f the row.
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TABLE 19 c o n t i n u e d
For each p h y sica l q u a n tity , f i l l  in  the NUMBERS of a l l  the boxes on the 
c h a rt which r e f e r  to  th a t q u a n tity .
MOMENTUM










M o n j i
Now complete Che fo llow ing
"As fa r  as you were concerned, did the ch a rt provided include ALL the im portant 
fe a tu re s  of EACH of the p h y sica l q u a n tit ie s ? "
YES
I f  you answered NO, p lease  in d ic a te  what im portant fe a tu re (s )  were om itted 

















CHAPTER 6 -  THE 1979-8D FIELD TRIAL
161
I n t r o d u c t i o n
At  t h e  end o f  t h e  p r e v i o u s  c h a p t e r ,  we 
d e s c r i p t i o n  o f  t h e  t r i a l  m a t e r i a l  u se d  
f i e l d  t r i a l .  We w i l l  g i v e  a m o re  d e t  
o f  t h e  t e s t  m a t e r i a l  i n  t h i s  c h a p t e r ,  
d e s c r i b e  how t h e  f i e l d  t r i a l  was c a r r i  
an a n a l y s i s  o f  t h e  r e s u l t s  o b t a i n e d ,  
e x p l a i n  t h e  r e v i s i o n s  w h i c h  w e r e  c a r r i  
1 9 8 0 - 8 1  f i e l d  t r i a l .
A m o re  d e t a i l e d  d e s c r i p t i o n  o f  t h e  t e s t  m a t e r i a l
We s t a r t  by c o n s i d e r i n g  p a r t  1 o f  t h e  t e s t  m a t e r i a l .
I t  w i l l  be r e c a l l e d  t h a t ,  i n  t h i s  p a r t ,  t h e  p u p i l  was 
g i v e n  a s e q u e n c e  o f  n i n e  s t a t e m e n t s  a b o u t  t h e  q u a n t i t y  X.  
T he  s e q u e n c e  s t a r t e d  w i t h  a v e r y  g e n e r a l  s t a t e m e n t  
( e . g .  ,fT he  q u a n t i t y  X i s  p r o p o r t i o n a l  t o  t h e  mass o f  a 
b o d y ” ) and g r a d u a l l y  became m o re  and m o re  s p e c i f i c .
T h e  f i n a l  s t a t e m e n t  was t h e  d e f i n i t i o n  o f  t h e  q u a n t i t y  X 
( e . g .  lfThe  q u a n t i t y  X i s  d e f i n e d  by t h e  e q u a t i o n  p = mv M) 
T h e  s e q u e n c e  o f  n i n e  s t a t e m e n t s  f o r  t h e  c o n c e p t  o f  
momentum ' i s "  g i v e n  i n  T a b l e  20 ( o v e r l e a f )
g a v e  a b r i e f  
i n  t h e  1 9 7 9 - 8 0  
a i l e d  d e s c r i p t i o n  
We w i l l  a l s o  
ed o u t  and g i v e  
f i n a l l y  we w i l l  
ed o u t  b e f o r e  t h e
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TABLE 20 -  L i s t  o f  n i n e  s t a t e m e n t s  f o r  ! m om e n tum T
( 1 )  The  q u a n t i t y  X i s  p r o p o r t i o n a l  t o  t h e  mass o f  a b o d y .
( 2 )  The  q u a n t i t y  X i s  p o s s e s s e d  by m o v i n g  b o d i e s .
( 3 )  T h e  q u a n t i t y  X i s  c o n s e r v e d  i n  e l a s t i c  c o l l i s i o n s
b e t w e e n  b o d i e s .
( 4 ) T h e  q u a n t i t y  X ca n  be r e s o l v e d  i n t o  c o m p o n e n t s .
( 5 )  T h e  q u a n t i t y  X i n c r e a s e s  when a f o r c e  i s  a p p l i e d  t o
a b o d y  as  i n d i c a t e d  b e l o w : -
Q u a n t i t y  X
F o r c e
0 T im e
( 6 )  T he  c h a n g e  p r o d u c e d  i n  t h e  q u a n t i t y  X i s  a m e a s u r e
o f  t h e  i m p u l s e  o f  t h e  a p p l i e d  f o r c e .
( 7 )  The  q u a n t i t y  X i s  a v e c t o r  q u a n t i t y .
( 8 )  T he  q u a n t i t y  X i s  m e a s u r e d  i n  kgm s
( 9 )  The  q u a n t i t y  X i s  d e f i n e d  by t h e  e q u a t i o n  p = mv.
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T h e r e  w e r e ,  i n  a l l ,  s i x  c o n c e p t s  b e i n g  t e s t e d  ( i . e .  
m om en tum , k i n e t i c  e n e r g y , g r a v i t a t i o n a l  p o t e n t i a l  e n e r g y . 
w e i g h t , f o r c e  and i m p u l s e . ) F o r  each  c o n c e p t ,  a 
s e q u e n c e  o f  n i n e  s t a t e m e n t s  was p r e p a r e d .  T h e s e  
s t a t e m e n t s  w e re ,  c a r e f u l l y  m a t c h e d ,  so t h a t  t h e  same 
s t a t e m e n t  ( o r  t h e  same f o r m  o f  s t a t e m e n t )  a p p e a r e d  a t  
a b o u t  t h e  same p o s i t i o n  i n  each  s e q u e n c e .
F o r  e x a m p l e ,  s t a t e m e n t  1 f o r  momentum, k i n e t i c  e n e r g y . 
g r a v i t a t i o n a l  p o t e n t i a l  e n e r g y  and w e i g h t  was ,rThe  
q u a n t i t y  X i s  p r o p o r t i o n a l  t o  t h e  mass o f  a b o d y ” *
T h i s  s t a t e m e n t  d o e s  n o t  a p p l y  i n  t h e  c a s e  o f  f o r c e  
and  i m p u l s e , so an a l t e r n a t i v e  s t a t e m e n t  ” The  q u a n t i t y  X 
i s  r e l a t e d  t o  t h e  mass o f  a b o d y ”  was u s e d .  ( i t  ca n  be 
a r g u e d  t h a t  t h i s  s t a t e m e n t  i s  e q u a l l y  i n a p p l i c a b l e ,  i n  
t h e  s e n s e  t h a t  i t  i s  t h e  e f f e c t  o f  t h e  f o r c e  ( o r  i m p u l s e )  
w h i c h  i s  r e l a t e d  t o  t h e  mass o f  t h e  b o d y .  The  r e s u l t s  
i n d i c a t e d ,  h o w e v e r ,  t h a t  t h e  a l t e r n a t i v e  s t a t e m e n t  was 
a p p a r e n t l y  a c c e p t a b l e  t o  t h e  p u p i l s )
S t a t e m e n t  7 on ea ch  l i s t  o f  s t a t e m e n t s  was e i t h e r  
” T h e  q u a n t i t y  X i s  a v e c t o r  q u a n t i t y ”  o r  ” The  q u a n t i t y  X 
i s  a s c a l a r  q u a n t i t y ”  as a p p r o p r i a t e  t o  t h e  c o n c e p t  
i n v o l v e d .  S t a t e m e n t  8 on each  l i s t  g a v e  t h e  u n i t s  o f  
t h e  q u a n t i t y  X, w h i l e  s t a t e m e n t  9 g a v e  t h e  d e f i n i n g  
e q u a t i o n .  One s t a t e m e n t  i n  each  l i s t  g a v e  t h e  
i n f o r m a t i o n  i n  a g r a p h i c a l  f o r m .
T a b l e  21 s u m m a r i s e s  t h e  l i s t  o f  s t a t e m e n t s  f o r  each
c o n c e p t .
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P r o p o r t i o n a l  t o  mass 
R e l a t e d  t o  mass
* * X X
X X
2 P o s s e s s e d  by m o v i n g  b o d e s * * X X
3a
b
C o n s e r v e d  i n  e l a s t i c  c o l l i s i o n s  
I n v o l v e d  i n  b o t h  e l a s t i c / i n e l a s t i c  





Can be r e s o l v e d  i n t o  c o m p o n e n t s  




5 C a u s e s  a c h a n g e  i n  v e l o c i t y X X X
6 D i a g r a m  s h o w i n g  r e l a t i o n s h i p  t o  
f o r c e / t i m e  o r  f o r c e / d i s t a n c e  
g r a p h X * X X X X
7 C hange  p r o d u c e d  i n  X i s  a 
m e a s u r e  o f  • • • • • • • • * * X X X
8 D e p en d s  on p o s i t i o n  o f  b od y X
9 F o r  f r e e l y  f a l l i n g  b o d y ,  X 
i n c r e a s e s / d e c r e a s e s  d u r i n g  f a l l * X
10 V e c t o r / s c a l a r  q u a n t i t y X * X X X X
11 ' M e a s u r e d  i n  ................... X X X X X X
12 D e f i n i n g  e q u a t i o n X X X X X X
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At f i r s t  g l a n c e ,  some o f  t h e  s t a t e m e n t s  may n o t  a p p e a r  
t o  a p p l y  t o  t h e  s t a t e d  c o n c e p t .  F o r  e x a m p l e ,  i t  may n o t  
be i m m e d i a t e l y  o b v i o u s  t h a t  m o v i n g  b o d i e s  s h o u l d  p o s s e s s  
e i t h e r  g r a v i t a t i o n a l  p o t e n t i a l  e n e r g y  o r  w e i g h t .  The  
l i s t s  o f  s t a t e m e n t s  f o r  e a c h  c o n c e p t  w e r e ,  h o w e v e r ,  v e t t e d  
by  a n u m b e r  o f  e x p e r i e n c e d  t e a c h e r s / l e c t u r e r s  i n  p h y s i c s  
and  i t  was a g r e e d  t h a t ,  w i t h  t h e  e x c e p t i o n  o f  s t a t e m e n t  1 
f o r  f o r c e / i m p u l s e  r e f e r r e d  t o  a b o v e ,  t h e  s u g g e s t e d  s t a t e m e n t s  
c o u l d  a p p l y  t o  e a c h  c o n c e p t ,  a l t h o u g h  some w e r e  r a t h e r  
u n u s u a l .  I t  was s u g g e s t e d  t h a t  s t a t e m e n t  2 f o r  
g r a v i t a t i o n a l  p o t e n t i a l  e n e r g y  and w e i o h t  m i g h t  be 
c h a n g e d  t o  " T h e  q u a n t i t y  X i s  p o s s e s s e d  by f a l l i n g  b o d i e s 1' ,  
t o  make i t  m o re  o b v i o u s  w h i c h  c o n c e p t  was i n v o l v e d .
I t  was a g r e e d ,  h o w e v e r ,  t h a t  t h e  g i v e n  s t a t e m e n t  was 
n o t  i n c o r r e c t .
A p p e n d i x  H s h o w s ,  f o r  e a c h  o f  t h e  s i x  c o n c e p t s  i n v o l v e d ,  
t h e  c o m p l e t e  l i s t  o f  n i n e  s t a t e m e n t s .  S t a t e m e n t  1 f o r  
f o r c e / i m p u l s e  was l e f t  u n c h a n g e d ,  f o r  w a n t  o f  a b e t t e r  
a l t e r n a t i v e .
F o r  e a c h  l i s t  o f  n i n e  s t a t e m e n t s ,  t h e r e  i s  a m in im u m  
n u m b e r  o f  s t a t e m e n t s  r e q u i r e d  t o  i d e n t i f y  t h e  c o n c e p t .
T h i s  i s  show n  i n  T a b l e  2 2 .
T a b l e  22 -  M in im u m  n u m b e r  o f  s t a t e m e n t s  t o  i d e n t i f y  t h e  c o n c e p t
C o n c e p t M in im u m  n u m b e r  o f  s t a t e m e n t s  r e q u i r e d
Momentum 5
K i n e t i c  e n e r g y 4
P o t e n t i a l  e n e r g y 4
W e i g h t 4
F o r c e 6
I m p u l s e 5
T h e  n i n e  s t a t e m e n t s  a p p e a r e d  on n i n e  c o n s e c u t i v e  p a g e s  
o f  t h e  t e s t  b o o k l e t .  On e a c h  p a g e ,  t h e r e  a l s o  a p p e a r e d  
a ' c o n f i d e n c e  r a t i n g ’ t a b l e ,  as show n  b e l o w
I  h a v e  no r e a l  i d e a ,  so I  h a v e  j u s t  made a g u e s s
I  c a n n o t  be s u r e ,  b u t  I  s u s p e c t  i t  m i a h t  be  . . . . . . .
I  t h i n k  i t  i s  • • • • • •  b u t  I  w o u l d  l i k e  m o re  i n f  o r m a t i o n
I  am s u r e  i t  m u s t  be . . . . . .
I  k n ow  i t  i s  . . . . . .  and  I  c a n  p r o v e  i t
To a v o i d  t h e  p u p i l  h a v i n g  t o  r e f e r  b a c k  t o  a p r e v i o u s  p a g e
IBB
f o r  i n f o r m a t i o n ,  t h e  s t a t e m e n t s  w e r e  r e p e a t e d  on each  
s u c c e s s i v e  p a g e ,  one  f u r t h e r  s t a t e m e n t  b e i n g  added  t o  
t h e  l i s t  on ea ch  p a g e .
T h e r e  a r e  m o re  t h a n  f o u r  v a l i d  r e s p o n s e s  t o  t h e  s t a t e m e n t  
,rT h e  q u a n t i t y  X i s  p r o p o r t i o n a l  t o  t h e  mass o f  t h e  b o d y " .  
F o r  e x a m p l e ,  i n  a d d i t i o n  t o  momenturn, k i n e t i c  e n e r o v . 
g r a v i t a t i o n a l  p o t e n t i a l  e n e r g y  and w e i g h t . t h e r e  a r e  
s u c h  c o n c e p t s  as d e n s i t y , a n g u l a r  momentum, moment o f  
i n e r t i a  and c e n t r i p e t a l  f o r c e . I f  . . the p u p i l s  a l r e a d y  
had  been  a s k e d  t o  c o n s i d e r  c e r t a i n  c o n c e p t s  ( a s  i n  p a r t  2 ) 
t h e n  t h e s e  c o n c e p t s  w o u l d ,  no d o u b t ,  be m o re  l i k e l y  t o  
be  g i v e n  as p o s s i b l e  r e s p o n s e s .  F o r  t h i s  r e a s o n ,  we 
c h o s e  t o  p u t  t h i s  p a r t  o f  t h e  t e s t  f i r s t ,  so t h a t  t h e  
p u p i l s 1 r e s p o n s e s  w o u l d  n o t  be i n f l u e n c e d  by w h a t  t h e y  
w e r e  a s k e d  t o  do i n  t h e  o t h e r  p a r t  o f  t h e  t e s t .
( i n  t h e  1 9 8 0 - 8 1  t r i a l  t h e  o r d e r  was r e v e r s e d ,  and t h e r e  
was some e v i d e n c e  t h a t  t h e  c o n c e p t s  t h a t  w e re  c o n s i d e r e d  
i n  o n e  p a r t  o f  t h e  t e s t  d i d  i n f l u e n c e  t h e  r e s p o n s e s  i n  
t h e  o t h e r  p a r t  o f  t h e  t e s t ) .  F o r  t h e  same r e a s o n ,  we 
c o n c l u d e d  t h a t  e ach  p u p i l  c o u l d  be g i v e n  o n l y  one  s e t  
o f  n i n e  s t a t e m e n t s  t o  w o rk  t h r o u g h .  T he  p u p i l s 1 
r e s p o n s e s  t o  a s e c o n d  s e t  o f  s t a t e m e n t s ,  we a r g u e d ,  
w e r e  l i k e l y  t o  be c o l o u r e d  by h i s  p r e v i o u s  r e s p o n s e s .
As we n o t e d  e a r l i e r ,  t h e r e  i s  a m in im um  num be r  o f  
s t a t e m e n t s  r e q u i r e d  t o  p o s i t i v e l y  i d e n t i f y  each  o f  
t h e  g i v e n  c o n c e p t s .  I f  t h e  p u p i l  was p r e s e n t e d  w i t h  
a c o m p l e t e  l i s t  o f  n i n e  s t a t e m e n t s  f o r  a g i v e n  c o n c e p t ,  
we c o u l d  q u i t e  r e a s o n a b l y  ask  t h e  p u p i l  t o  i n d i c a t e  
t h e  n u m b e r  o f  s t a t e m e n t s  he r e q u i r e d  t o  p o s i t i v e l y  
i d e n t i f y  t h e  c o n c e p t .  F o r  e x a m p l e ,  s u p p o s e  t h e  
c o n c e p t  was w e i g h t . f o r  w h i c h  f o u r  s t a t e m e n t s  a r e  
r e q u i r e d  f o r  p o s i t i v e  i d e n t i f i c a t i o n .  I f  a p u p i l  
c l a i m s  h e  i d e n t i f i e s  t h e  c o n c e p t  f r o m ,  s a y ,  t h e  f i r s t  
t w o  s t a t e m e n t s  o n l y ,  t h e n  we may i n f e r  he h as  n o t  
c o n s i d e r e d  a l l  t h e  p o s s i b i l i t i e s .  C o n v e r s e l y ,  i f  he 
c l a i m s  he  n e e d e d ,  s a y ,  e i g h t  s t a t e m e n t s  t o  i d e n t i f y
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t h e  c o n c e p t ,  t h e n  c l e a r l y  he h as  n o t  p r o c e s s e d  t h e  
i n f o r m a t i o n  e f f e c t i v e l y .  I n  e i t h e r  c a s e ,  we ca n  i n f e r  
a l o w e r  l e v e l  o f  c o n c e p t  u n d e r s t a n d i n g  t h a n  t h a t  o f  a 
p u p i l  who i d e n t i f i e d  t h e  c o n c e p t  u s i n g  t h e  m in im um  
r e q u i r e d  n um b e r  o f  s t a t e m e n t s .
I n  each  t e s t  b o o k l e t ,  pag e  1 was t a k e n  up w i t h  i n s t r u c t i o n s  
on how t o  c o m p l e t e  p a r t  1 .  The  i n s t r u c t i o n s  w e r e  t h e  same 
i n  a l l  c a s e s .  The  r e m a i n i n g  n i n e  p a g e s  ( 2 - 1 0  i n c l u s i v e )  
w e r e  u s e d  t o  p r e s e n t  t h e  n i n e  s t a t e m e n t s  a b o u t  o ne  c o n c e p t .  
Page  11 o f  t h e  b o o k l e t  had  a c o m p l e t e  l i s t  o f  n i n e  
s t a t e m e n t s  f o r  a n o t h e r  o f  t h e  s i x  c o n c e p t s  b e i n g  t e s t e d ,  
and  t h e  p u p i l  was a s k e d  t o  i n d i c a t e  t h e  s t a t e m e n t  by w h i c h  
he i d e n t i f i e d  t h e  c o n c e p t .
The  t e s t  b o o k l e t s  w e r e  a s s e m b l e d  as f o l l o w s : -
( i )  75 c o p i e s  o f  p a g e s  1 -1 0  f o r ,  s a y ,  t h e  c o n c e p t  o f
momentum w e r e  c o l l a t e d .
( i i )  Of  t h e s e  75 c o p i e s ,  15 c o p i e s  had  t h e  l i s t  o f  n i n e  
s t a t e m e n t s  f o r  ! k i n e t i c  e n e r g y 1 as pag e  1 1 ,
15 h a v e  t h e  l i s t  f o r  ’ f o r c e ’ a s . p a g e  1 1 ,  and so o n .
( i i i )  S i m i l a r  s e t s  o f  75 c o p i e s  f o r  t h e - o t h e r  f i v e  
c o n c e p t s  w e r e  p r o d u c e d .
I n  t h i s  way e ach  l i s t  o f  s t a t e m e n t s  a p p e a r e d  i n  150 c o p i e s  
o f  t h e  t e s t  b o o k l e t .  I n  75 c o p i e s ,  i t  i s  p r e s e n t e d  as
p a g e s  1 - 1 0 ,  and i n  75 c o p i e s  as pag e  1 1 .
P a r t  2 o f  t h e  t e s t  m a t e r i a l  was t h e  same i n  a l l  c o p i e s
o f  t h e  t e s t  b o o k l e t .  A c o p y  o f  p a r t  2 was g i v e n  i n  T a b l e  1 9 .
I n  p a r t  2 o f  t h e  t e s t  m a t e r i a l ,  t h e  p u p i l  was p r o v i d e d  
w i t h  a c h a r t  s h o w i n g  a 5 x 5 g r i d  o f  n u m b e re d  b o x e s ,
as i n  F i g u r e  7 . Each box  c o n t a i n e d  some i n f o r m a t i o n
w h i c h  a p p l i e d  t o  o n e ,  o r  m o r e ,  o f  t h e  f i v e  c h o s e n  
c o n c e p t s .  T h e  i n f o r m a t i o n  i n  some b o x e s  was a s t a t e m e n t  
o f  w o r d s  ( e . q .  ’ D e c r e a s e d  i n  an i n e l a s t i c  c o l l i s i o n ’ ) ;
i 2 '
i n  o t h e r  b o x e s  i t  was an e q u a t i o n  ( e . g .  ’ E^ , = ^  mv ’ )
Some b o x e s  c o n t a i n e d  d i a g r a m s ,  w h i l e  o t h e r  b o x e s  c o n t a i n e d  


















One g r o u p  o f  b o x e s  on t h e  c h a r t  c o n t a i n e d  t h e  d e f i n i n g  
e q u a t i o n s  f o r  t h e  c h o s e n  c o n c e p t s ,  v i z .
E^ *  W v ' E = tngh P
10
k i n e t i c  e n e r g y q r a v i t a t i o n a l  p o t e n t i a l  e n e r o v
F ■ ma
f o r c e
p ** mv
momentum
A s e c o n d  g r o u p  o f  b o x e s  r e l a t e d  t o  t h e  u n i t s  o f  t h e  
c h o s e n  c o n c e p t s ,  v i z
Measured m N Measured in  J
f o r c e k i n e t i c  e n e r o v  a n d / o r  
g r a v i t a t i o n a l  p o t e n t i a l  e n e r g y
Measured m  Ms
The  u n i t  ” k g  m s '" 1 ”  f o r  
momentum d i d  n o t  a p p e a r  on 
t h e  c h a r t #  The  ’’ Ms”  i s  
d i m e n s i o n a l l y  e q u i v a l e n t  t o  
t h e  ” kg  m s""T”
i m p u l s e  ( a n d / o r  
m omentum )
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A n o t h e r  g r o u p  o f  b o x e s  r e l a t e d  t o  c o l l i s i o n s ,  v i z .
Conserved ONLY in
e la s t ic  c o llis io n s
k i n e t i c  e n e r o v
Conserved in  
ALL c o llis io n s
l i
momentum
Increased in an 
explosive c o llis io n
14
Decreased in  an 
in e la s tic  c o llis io n
25
k i n e t i c  e n e r g y k i n e t i c  e n e r g y
One b ox  r e f e r r e d  d i r e c t l y  t o  a s c a l a r  q u a n t i t y ,  b u t  t h e r e  
was no c o r r e s p o n d i n g  r e f e r e n c e  t o  a v e c t o r  q u a n t i t y .  
I n s t e a d ,  a d i a g r a m  s h o w i n g  a ( v e c t o r )  q u a n t i t y  b e i n g  




k i n e t i c  e n e r g y  a n d / o r  
g r a v i t a t i o n a l  p o t e n t i a l  e n e r g y
momenturn, f o r c e  a n d / o r  
i m p u l s e
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Two b o x e s  r e f e r r e d  t o  e n e r g y  c h a n g e s ,  v i z .
AE *» mgh
g r a v i t a t i o n a l  p o t e n t i a l  
e n e r g y
k i n e t i c  e n e r g y  a n d / o r  
g r a v i t a t i o n a l  p o t e n t i a l  e n e r g y
A g r o u p  o f  t h r e e  b o x e s  show ed  t h e  g r a p h  o f  t h e  q u a n t i t y  X 
p l o t t e d  a g a i n s t  t h e  v e l o c i t y  v
momentum
X
k i n e t i c  e n e r g y
( T h i s  g r a p h  was m e an t  t o  show 
g r a v i t a t i o n a l  p o t e n t i a l  e n e r g y , 
b u t  t h e  c u r v a t u r e  i s ,  o f  c o u r s e ,  
w r o n g ,  We ca n  o f f e r  no e x c u s e s  
f o r  t h i s  c a r e l e s s  e r r o r )
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Two b o x e s  had  a s i m i l a r  d i a g r a m ,  b u t  r e f e r r e d  t o  q u i t e  
d i f f e r e n t  c o n c e p t s
Ft *= rav -  mu
k i n e t i c  e n e r g y  ( a n d / o r  momentum, i m p u l s e
f o r c e )  ( a n d / o r  f o r c e )
Two b o x e s ,  w i t h  q u i t e  d i f f e r e n t  d i a g r a m s ,  r e f e r r e d  t o  t h e  




f o r c e  f o r c e  ( a n d / o r  i m p u l s e )
Two b o x e s  g a v e  e x a c t l y  t h e  same i n f o r m a t i o n .  One b ox  u se d  
a g r a p h ,  t h e  o t h e r  u s e d  a l a b e l l e d  d i a g r a m  and s y m b o l i c  
e q u a t i o n .  I s  t h e r e  any s i g n i f i c a n t  d i f f e r e n c e  i n  p e r f o r m a n c e ?
i m p u l s e , momenturn 
( a n d / o r  f o r c e )
l s e
Ft = rav -  mu
22
i m p u l s e , momenturn 
( a n d / o r  f o r c e )
F i n a l l y ,  t h r e e  b o x e s  c o n v e y e d  t h e  .same i n f o r m a t i o n  i n  
s l i g h t l y  d i f f e r e n t  w a y s ,  t o  c h e c k  i f  t h e r e  was  a ny  m a r k e d  
v a r i a t i o n  b e t w e e n  0 - G r a d e  and H - G r a d e  g r o u p s .  We assum ed 
t h a t  t h e  0 —G r a d e  g r o u p  w o u l d  u s e  b o x  6 ,  w h i l e  t b e  H - G r a d e  
g r o u p  w o u l d  p r e f e r  b ox  1 2 .  How w o u l d  e i t h e r  g r o u p  r e a c t  
t o  b ox  24?
F ** ma F „ d(mv)
dt
6 12
f o r c e  ( 0 - G r a d e ? ) f o r c e  ( H - G r a d e ? )
- ~
( B o x e s  12 and 24 a r e  a l s o  
r e l a t e d  t o  momentum a n d ,  
so m e w ha t  more  t e n u o u s l y ,  
t o  i m p u l s e )
f o r c e
The  o r d e r  i n  w h i c h  t h e  v a r i o u s  c o n c e p t s  a p p e a r e d  on t h e  c h a r t  
was q u i t e  a r b i t r a r y ,  e x c e p t  t h a t  we c o n s c i o u s l y  t r i e d  t o  
a v o i d  h a v i n g  t h e  same c o n c e p t  a p p e a r i n g  i n  n e i g h b o u r i n g  b o x e s .
The b o x e s  on  t h e  c h a r t  w h i c h  r e l a t e d  t o  each  o f  t h e  f i v e  
c o n c e p t s  i n v o l v e d  a r e  g i v e n  i n  T a b l e  2 3 . Some b o x e s  
on t h e  c h a r t  r e l a t e d  t o  m o re  t h a n  one  c o n c e p t .  Box 4 ,  
as e x p l a i n e d  e a r l i e r ,  d i d  n o t  r e l a t e  t o  any o f  t h e  c o n c e p t s .
T a b l e  23 -  B o x e s  on c h a r t  r e l a t e d  t o  e ach  c o n c e p t
C o n c e p t Numbers  o f  b o x e s  r e l a t i n g  t o  t h i s  c o n c e p t
Momentum 
K i n e t i c  e n e r g y  
P o t e n t i a l  e n e r g y  
F o r c e  
I m p u l s e
1,  8 ,  12 ,  1 6 ,  1 8 ,  2 0 ,  2 1 ,  2 2 ,  24
2 ,  5 ,  7 ,  9 ,  1 3 ,  1 4 ,  1 9 ,  2 3 ,  25 
7 ,  9 ,  1 0 ,  1 7 ,  19
1 ,  3 ,  6 ,  1 1 ,  1 2 ,  1 3 ,  1 5 ,  2 1 ,  2 2 ,  24 
1 ,  1 2 ,  1 5 ,  2 0 ,  2 1 ,  2 2 ,  24
The a d m i n i s t r a t i o n  o f  t h e  t e s t  m a t e r i a l
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As p r e v i o u s l y  d e s c r i b e d ,  t h e r e  w e re  no l e s s  t h a n  30 v e r s i o n s  
o f  t h e  t e s t  m a t e r i a l .  T h e r e  w e re  15 c o p i e s  o f  e ach  v e r s i o n  
o f  t h e  t e s t  b o o k l e t ,  m a k in g  a t o t a l  o f  450 b o o k l e t s  i n  a l l .
One c o m p l e t e  s e t  o f  b o o k l e t s  was k e p t  f o r  r e f e r e n c e  
p u r p o s e s ,  and t h e  r e m a i n i n g  420 b o o k l e t s  w e re  u se d  i n  t h e  
f i e l d  t e s t .  Each  b o o k l e t  was c o l o u r - c o d e d  a c c o r d i n g  t o  t h e  
m a in  c o n c e p t  b e i n g  t e s t e d ,  and w e re  d i s t r i b u t e d  i n  s e t s  o f  3 0 ,  
as f a r  as p o s s i b l e .
The  m a t e r i a l  was t r i a l l e d  i n  f i v e  s e c o n d a r y  s c h o o l s  i n  t h e  
S t r a t h c l y d e  R e g i o n .  Two s c h o o l s  p r o v i d e d  b o t h  0 - G r a d e  and 
H - G r a d e  p u p i l s ;  t h e  r e m a i n i n g  t h r e e  s c h o o l s  w e re  a s k e d  t o  
p r o v i d e  o n l y  H - G r a d e  p u p i l s .  T h e r e  was no s e l e c t i o n  o f  
p u p i l s  w i t h i n  a s c h o o l .  A l l  t h e  H - G r a d e  p u p i l s  i n  a l l  
f i v e  s c h o o l s  and a l l  t h e  0 - G r a d e  p u p i l s  i n  tw o  o f  t h e  
f i v e  s c h o o l s  t o o k  p a r t  i n  t h e  f i e l d  t r i a l .  I n  a l l ,  105 
0 - G r a d e  p u p i l s  and 172  H - G r a d e  p u p i l s  w e re  i n v o l v e d .
T h e  f i e l d  t r i a l  f o r  t h e  s c h o o l s  t o o k  p l a c e  i n  t h e  s p r i n g  
t e r m  o f  s e s s i o n  1 9 7 9 —8 0 .  I n  a l l  c a s e s ,  t h e  s c h o o l  was 
a l l o w e d  t o  a d m i n i s t e r  t h e  t e s t  a t  a t i m e  w h i c h  s u i t e d  t h e m .
T h e  s c h o o l  was p r o v i d e d  w i t h  t h e  r e q u i s i t e  num ber  o f  t e s t  
b o o k l e t s  i n  a d v a n c e  o f  t h e  t e s t .  The  b o o k l e t s  w e re  
a r r a n g e d  i n  s e q u e n t i a l  s e t s  o f  3 0 ,  b u t  t h e  t e a c h e r s  w e re  
n o t  i n f o r m e d  o f  t h i s .  T h e y  w e re  s i m p l y  a s k e d  t o  
d i s t r i b u t e  t h e  b o o k l e t s  t o  t h e  p u p i l s  i n  t h e  same o r d e r .
T h i s  a r r a n g e m e n t  made t h e  a d m i n i s t r a t i o n  o f  t h e  t e s t  
p a r t i c u l a r l y  e a s y  f o r  t h e  t e a c h e r  a n d ,  a t  t h e  same t i m e ,  
e n s u r e d  t h a t  t h e  d i f f e r e n t  v e r s i o n s  o f  t h e  t e s t  b o o k l e t  
w e r e  e v e n l y  d i s t r i b u t e d  t h r o u g h o u t  t h e  g r o u p  o f  p u p i l s  
i n v o l v e d .  S i n c e  t h e  t e s t  b o o k l e t s  had c o v e r s  o f  
d i f f e r e n t  c o l o u r s ,  i t  was i m m e d i a t e l y  o b v i o u s  t o  t h e  
p u p i l s  t h a t  t h e  b o o k l e t s  w e r e  n o t  a l l  t h e  same, and t h u s  
t h e  p r o s p e c t  o f  c o l l a b o r a t i o n  i n  a n s w e r i n g  was r e d u c e d .  ,
We w e re  p r e s e n t ,  as o b s e r v e r s ,  d u r i n g  t h e  a c t u a l  t e s t  
i n  t h e  f i r s t  t w o  s c h o o l s .  The  a d m i n i s t r a t i o n  o f  t h e  
t e s t  was c a r r i e d  o u t  by t h e  c l a s s  t e a c h e r .  The  p u p i l s  
w e r e  a l l o w e d  as much t i m e  as t h e y  w i s h e d  t o  c o m p l e t e  t h e
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t e s t ,  b u t  i n  a l l  c a s e s ,  t h e y  had f i n i s h e d  t h e  t e s t  i n  some 
3 0 - 3 5  m i n u t e s .  The t e a c h e r  was n o t  r e q u i r e d  t o  g i v e
a d d i t i o n a l  v e r b a l  i n s t r u c t i o n s  and i t  was c l e a r  f r o m  
t h e  way t h e  p u p i l s  c o m p l e t e d  t h e  t e s t ,  t h a t  t h e  w r i t t e n  
i n s t r u c t i o n s  w e r e  m o re  t h a n  a d e q u a t e .  A t  t h e  r e q u e s t  
o f  t h e  t e a c h e r ,  one  c h a n g e  was a g r e e d  i n  t h e  p r o c e d u r e .
The  0 - G r a d e  p u p i l s  w e r e  s p e c i f i c a l l y  i n s t r u c t e d  t o  i g n o r e  
t h e  b o x e s  r e l a t e d  t o  t h e  c o n c e p t  o f  i m p u l s e  i n  p a r t  2 
o f  t h e  t e s t ,  s i n c e  t h i s  c o n c e p t  was n o t  t a u g h t  u n t i l  H - G r a d e .  
Some 0 —G ra d e  p u p i l s ,  o f  c o u r s e ,  w e re  g i v e n  a t e s t  b o o k l e t  
i n  w h i c h  i m p u l s e  was t h e  c h o s e n  c o n c e p t  i n  p a r t  1 .  No 
s p e c i a l  a l l o w a n c e  was made f o r  t h i s .
The  p u p i l s  t o o k  t h e  t e s t  v e r y  s e r i o u s l y  and', f r o m  t h e  
e x p r e s s i o n s  on t h e i r  f a c e s  and t h e  deep  s i l e n c e  w h i c h  
f e l l  o v e r  t h e  r o o m ,  i t  was c l e a r  t h a t  t h e y  w e re  e n g r o s s e d  
i n  w h a t  t h e y  w e r e  d o i n g .  Two p a r t i c u l a r  p o i n t s  w e re  
n o t e d  -
( 1 )  The f i r s t  s t a t e m e n t  -  ,TThe q u a n t i t y  X i s  p r o p o r t i o n a l  
t o  t h e  mass o f  a b o d y ”  -  c a u s e d  g r e a t  c o n c e r n  t o  many 
p u p i l s  who ,  t o  s t a r t  w i t h ,  c o u l d  n o t  t h i n k  o f  any 
p o s s i b l e  a n s w e r .  T h e n  t h e y  s u d d e n l y  t h o u g h t  o f  one 
a n s w e r  a n d ,  i n  many c a s e s ,  t h i s  seemed t o  ’ t r i g g e r  o f f ’ 
s e v e r a l  o t h e r  p o s s i b l e  a n s w e r s .  Once t h e  p u p i l  h a d ,  
a t  l e a s t ,  o ne  a n s w e r  w r i t t e n  dow n,  t h e  i n i t i a l  c o n c e r n  
seemed t o  d i s a p p e a r  c o m p l e t e l y .  No p u p i l  f a i l e d  t o  
come up w i t h  a t  l e a s t  one  a n s w e r  ( e v e n  t h o u g h  i t
was i n a p p r o p r i a t e ) ,  b u t  many p u p i l s  s p e n t  an i n o r d i n a t e  
a m o u n t  o f  t i m e  a t  t h e  f i r s t  s t a t e m e n t .
( 2 )  I n  p a r t  2 o f  t h e  t e s t ,  t h e  p u p i l s  w e re  o b s e r v e d  t o  
c o n s i d e r  t h e  boxes on t h e  c h a r t  in s t r i c t  n u m e r i c a l  
o r d e r .  T h i s  was l a t e r  c o n f i r m e d  b y  t h e  c o m p l e t e d  
r e c o r d  s h e e t s ,  i n  w h i c h  i t  was n o t e d  t h a t  t h e  box  
n u m b e rs  w e re  a l m o s t  a l w a y s  i n  s t r i c t  n u m e r i c a l  o r d e r .
When t h e  t e s t  was c o m p l e t e ,  we a s k e d  some o f  t h e  p u p i l s  
w h a t  t h e y  t h o u g h t  o f  t h e  m a t e r i a l .  T hey  t h o u g h t  i t  was 
d i f f i c u l t ,  b u t  c h a l l e n g i n g .  T hey  g e n e r a l l y  e n j o y e d  
d o i n g  t h e  t e s t ,  and w o u l d  l i k e  t o  t r y  m ore  t e s t s  o f  
t h i s  f o r m .  T h e y  p a r t i c u l a r l y  w a n te d  t o  know t h e  ’ c o r r e c t ’
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an s w e rs  f o r  p a r t  2 o f  t h e  t e s t .
We a l s o  a s k e d  t h e  t e a c h e r s  f o r  t h e i r  c o m m e n ts ,  e s p e c i a l l y  
t h e  t e a c h e r s  who had been  p e r s u a d e d  t o  c o m p l e t e  one  o f  
t h e  t e s t  b o o k l e t s  a l o n g  w i t h  t h e  p u p i l s .  The  t e a c h e r s  
a g r e e d  t h a t  t h e  t e s t  m a t e r i a l  was o f  v a l u e .  I n  
p a r t i c u l a r ,  t h e y  w e re  i m p r e s s e d  by t h e  way t h e  p u p i l s  
had  r e a c t e d  t o  t h e  m a t e r i a l *  T h i s ,  t o  t h e  t e a c h e r s ,  
was a p o s i t i v e  a s s e t  o f  t h e  m a t e r i a l #  H a v i n g  g l a n c e d  
o v e r  some o f  t h e  c o m p l e t e d  r e s p o n s e  s h e e t s  f o r  p a r t  2,  
t h e y  w e r e  som e w ha t  c o n c e r n e d  t o  n o t e  t h e  c l e a r  
m i s c o n c e p t i o n s  w h i c h  w e re  e v i d e n t  i n  some p u p i l s ’ 
r e s p o n s e s  and w o u l d  h a v e  l i k e d  t o  f o l l o w  t h e s e  up 
i m m e d i a t e l y .  The  n a t u r e  o f  t h e  f i e l d  t r i a l  d i d  n o t  
p e r m i t  t h i s ,  b u t  i t  was c l e a r  t h a t  t h e  t e a c h e r s  saw 
v a l u e  i n  t h e  d i a g n o s t i c  i n f o r m a t i o n  a b o u t  i n d i v i d u a l  
p u p i l s  w h i c h  had em e rg ed  f r o m  t h e  t e s t #
The  f i r s t  t r i a l  o f  t h e  t e s t  m a t e r i a l  had p r o d u c e d  
e n c o u r a g i n g  r e s u l t s .  I t  was e a s y  t o  a d m i n i s t e r ,  t h e  
p u p i l s  l i k e d  d o i n g  t h e  t e s t  and t h e  t e a c h e r s  w e re  
i n t e r e s t e d  i n  t h e  r e s u l t s #  We d e c i d e d  t o  l e a v e  t h e  
o t h e r  s c h o o l s  t o  r u n  t h e  t e s t  by t h e m s e l v e s ,  t o  c h e c k  
t h a t  s u c h  r e s u l t s  w e re  n o t  d u e ,  i n  some way ,  t o  o u r  
p r e s e n c e  d u r i n g  t h e  t e s t .  The t e s t s  w e r e  c a r r i e d  
o u t  i n  t h e  o t h e r  s c h o o l s  w i t h o u t  any p r o b l e m .  Our  
o n l y  i n v o l v e m e n t  was t o  a n s w e r  a t e l e p h o n e  q u e r y  
f r o m  one  t e a c h e r .  I t  a p p e a r e d  t h a t  some o f  h i s  p u p i l s  
had  n o t  c o m p l e t e d  t h e  t e s t  i n  a s i n g l e  p e r i o d  (3 5  
m i n u t e s ) .  W o u ld  i t  be i n  o r d e r  t o  g i v e  th e m  m ore  t i m e ,  
s i n c e  t h e y  w e re  k e e n  t o  c o m p l e t e  t h e  t e s t ?
I n  t h e  summer t e r m  o f  1 9 7 9 —8 0 ,  t h r e e  o t h e r  g r o u p s  o f  
s t u d e n t s  t r i e d  o u t  t h e  t e s t  m a t e r i a l .  A g r o u p  o f  34 
F i r s t  Y e a r  B . S c .  P h y s i c s  s t u d e n t s  a t  G la s g o w  U n i v e r s i t y ,  
a g r o u p  o f  39 F i r s t  Y e a r  H i g h e r  N a t i o n a l  D i p l o m a  ( H . N . D . )  
i n  A p p l i e d  P h y s i c s  s t u d e n t s  a t  G la s g o w  G0 i i eg e o f  
T e c h n o l o g y  and a g r o u p  o f  19 s t u d e n t  t e a c h e r s  a t  
J o r d a n h i l l  C o l l e g e  o f  E d u c a t i o n  t o o k  p a r t  i n  t h i s  t r i a l .  
Th e  B . S c .  and H . N . D .  s t u d e n t s  w e re  c h o s e n  b e c a u s e  t h e y
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w e r e  s p e c i a l i s i n g  i n  p h y s i c s ,  b u t  t h e  s t u d e n t  t e a c h e r s  
( a l l  o f  whom w e re  g r a d u a t e s  i n  C h e m i s t r y  o r  B i o l o g y )  
w e r e  c h o s e n  b e c a u s e  t h e y  had n o t  s p e c i a l i s e d  i n  p h y s i c s .
D u r i n g  t h e  s c h o o l  t r i a l s  o f  t h e  m a t e r i a l ,  we had i n v i t e d  
t h e  t e a c h e r s  s u p e r v i s i n g  t h e  t e s t  t o  w o rk  t h r o u g h  t h e  
m a t e r i a l .  Some had a c c e p t e d  t h e  i n v i t a t i o n  a n d ,  d u r i n g  
t h e  summer t e r m  o f  1 9 7 9 - 8 0 ,  we p e r s u a d e d  a f e w  m ore  o f  
o u r  c o l l e a g u e s  t o  w o rk  t h r o u g h  t h e  m a t e r i a l .  T h i s
g r o u p  o f  s p e c i a l i s t  t e a c h e r s  o f  p h y s i c s ,  11 i n  a l l ,  was 
t h e  s m a l l e s t  o f  t h e  t r i a l  g r o u p s ,  b u t ,  as we w i l l  
d e s c r i b e  l a t e r ,  i t  was i n  some ways t h e  m o s t  i m p o r t a n t  
t r i a l  g r o u p .
T a b l e  24 show s  a summary o f  t h e  g r o u p s  t e s t e d  i n  t h e  
1 9 7 9 - 8 0  f i e l d  t r i a l .
T a b l e  24 -  D e t a i l s  o f  t e s t  p o p u l a t i o n  u sed  i n  t h e  1 9 7 9 - 8 0  t r i a l
^  ■— ^ C o n c e p t  
G r o u p  "  ^
Horn1turn K . E, P . E . W e i g h t F o r c e I m p u l s e T o t a l
0 - G r a d e
p u p i l s 22 18 14 . 20 15 16 105
H - G r a d e
p u p i l s 26 28 29 31 29 29 172
HMD s t u d e n t s 7 6 5 7 7 7 39
B , S c . s t u d e n t s 5 7 7 6 5 4 34
S t u d e n t
t e a c h e r s . 3 3 3 4 3 3 19 '
T e a c h e r s 3 1 4 0 1 2 11
T o t a l 66 63 62 68 60 61 380
I t  w i l l  be n o t e d  f r o m  T a b l e  24 t h a t  e ach  o f  t h e  s i x  c o n c e p t s  
i s  b e i n g  t e s t e d  on a r e p r e s e n t a t i v e  s a m p le  o f  t h e  t o t a l  
t e s t  p o p u l a t i o n .
Th e  r e s u l t s  o b t a i n e d  i n  P a r t  1 o f  t h e  t e s t  m a t e r i a l
I t  i s  d i f f i c u l t  t o  f i n d  a m e th o d  o f  s u m m a r i s i n g  t h e  g r e a t  
a m o u n t  o f  e m p i r i c a l  d a t a  w h i c h  was o b t a i n e d  f r o m  P a r t  1 
o f  t h e  t e s t  w i t h o u t ,  a t  t h e  same t i m e ,  l o s i n g  s i g h t  o f  
t h e  i m p o r t a n t  i n d i v i d u a l  v a r i a t i o n s  i n  t h e  p a t t e r n  o f
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r e s p o n s e s ,  and t h e  u n i q u e  r e l a t i o n s h i p  o f  t h e  ’ c o n f i d e n c e  
r a t i n g ’ t o  a p a r t i c u l a r  s e t  o f  r e s p o n s e s .  We d i d  c o n s i d e r ,  
a t  o ne  s t a g e ,  u s i n g  t h e  S t a t i s t i c a l  P a c k a g e  f o r  t h e  S o c i a l  
S c i e n c e s  (SPSS) t o  c a r r y  o u t  a d e t a i l e d  s t a t i s t i c a l  
a n a l y s i s  o f  t h e  d a t a ,  b u t  d e c i d e d  n o t  t o  u se  t h i s  c o m p u t e r  
p r o g r a m  f o r  tw o  r e a s o n s .  I n  t h e  f i r s t  p l a c e ,  we w o u l d  
h a v e  r e q u i r e d  t o  e n c o d e  a l l  t h e  d a t a  f o r  t h e  c o m p u t e r .
T h i s  w o u l d ,  we c a l c u l a t e d ,  r e q u i r e  a t  l e a s t  6 p u n c h e d  
c a r d s  p e r  t e s t  b o o k l e t ,  o r  o v e r  2000 c a r d s  i n  a l l  -  a 
f o r m i d a b l e  t a s k  f o r  someone who had n e v e r  o p e r a t e d  a 
p u n c h - c a r d  m a c h i n e .  More  i m p o r t a n t l y , p e r h a p s ,  we 
r e a l i s e d  t h a t ,  o n c e  t h e  d a t a  was e n c o d e d  i n t o  t h e  c o m p u t e r ,  
i t  w o u l d  be d i f f i c u l t  t o  a v o i d  c o n c e n t r a t i n g  on ’ common 
f e a t u r e s 1 o f  t h e  d a t a  as a w h o l e  a n d ,  by so d o i n g ,  t o  
u n d e r - e s t i m a t e  t h e  i m p o r t a n c e  o f  i n d i v i d u a l  v a r i a t i o n s .
We s t a r t e d  by t r a n s f e r r i n g  t h e  d a t a  f r o m  t h e  t e s t  b o o k l e t s  
o n t o  summary  r e c o r d  s h e e t s .  As we d i d  t h i s ,  we became 
m o re  i n t e r e s t e d  i n  t h e  i d i o s y n c r a t i c  v a r i a t i o n s  w h i c h  
w e r e  e v i d e n t ,  p a r t i c u l a r l y  i n  t h e  ’ c o n f i d e n c e  r a t i n g ’ 
o f  ea ch  r e s p o n s e .  We b eg a n  t o  l o o k  f o r  r e a s o n s  t o  
e x p l a i n  t h e s e  v a r i a t i o n s  and t o  i n f e r ,  f r o m  c e r t a i n  
f r e q u e n t l y  o c c u r r i n g  p a t t e r n s  o f  r e s p o n s e s ,  t h a t  
p a r t i c u l a r  s t a t e m e n t s  w e re  more  l i k e l y  t o  c a u s e  a 
s u d d e n  ’ d r o p ’ i n  t h e  c o n f i d e n c e  r a t i n g  t h a n  o t h e r s .
I t  was a t  t h i s  s t a g e  t h a t  we d e c i d e d  n o t  t o  u s e  t h e  
SPSS p a c k a g e  b u t  t o  c o n t i n u e  t o  l o o k  c l o s e l y  a t  t h e  
i n d i v i d u a l  r e s p o n s e  p a t t e r n s ,  w h i c h  w e re  now more  
e a s i l y  c o m p a r e d  o n c e  t h e  d a t a  had  been  e n t e r e d  on t h e  
summary  r e c o r d  s h e e t s .
I n  c h a p t e r  5 ,  we s u g g e s t e d  t h a t  t h e  n um be r  o f  ’ v a l i d ’ 
r e s p o n s e s  t h e  p u p i l  makes t o ,  s a y ,  t h e  f i r s t  s t a t e m e n t  
c o u l d  be an i n d i c a t i o n  o f  t h e  p u p i l ’ s ’ b r e a d t h ’ o f  
u n d e r s t a n d i n g .  A p u p i l  who can  p r o v i d e ,  s a y ,  t h r e e  
’ v a l i d ’ c o n c e p t s  i n  r e s p o n s e  t o  t h e  s t a t e m e n t  ’’The  
q u a n t i t y  X i s  - p r o p o r t i o n a l  t o  t h e  mass o f  a b o d y ”  
h a s ,  we w o u l d  s u g g e s t ,  a b r o a d e r  c o n c e p t u a l  u n d e r ­
s t a n d i n g  t h a n  t h e  p u p i l  who can  o n l y  s u g g e s t  
’ a c c e l e r a t i o n ’ o r  ’ v e l o c i t y ’ as p o s s i b l e  c o n c e p t s .
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T a b l e  25 s h o w s ,  f o r  e a c h  g r o u p ,  t h e  t o t a l  num ber  o f  
r e s p o n s e s  t o  t h e  s t a t e m e n t  ’’The  q u a n t i t y  X i s  
p r o p o r t i o n a l  t o  t h e  mass o f  a b o d y ” , and t h e  t o t a l  
nu m b e r  o f  ’ v a l i d ’ r e s p o n s e s .  The f o l l o w i n g  
r e s p o n s e s  w e r e  a c c e p t e d  as ’ v a l i d ’ :
m om en tum . k i n e t i c  e n e r g y . p o t e n t i a l  e n e r g y . w e i g h t . 
d e n s i t y . c e n t r i p e t a l  f o r c e . a n g u l a r  momentum. 
moment o f  i n e r t i a .
%v e l o c i t y . a c c e l e r a t i o  n . g r a v i t y . i n e r t i a . f r i c t i o n .
f o r c e . i m p u l s e . s p e c i f i c  h e a t  c a p a c i t y . l a t e n t  h e a t  
c a p a c i t y  and t e m p e r a t u r e  c h a n g e  w e re  n o t  a c c e p t e d  as 
’ v a l i d ’ r e s p o n s e s .
T a b l e  25 -  Mumber o f  r e s p o n s e s  p e r  g r o u p
Number
G ro u p  i n  G ro u p  o f
T o t a l  No. 
r e s p o n s e s
T o t a l ’ v a l i d ’ 
r e s p o n s e s
P e r c e n t a g e  o f
’ v a l i d ’ 
r e s p o n s e s
0 - G r a d e  p u p i l s 71 215 81 38
H - G r a d e  p u p i l s 113 380 183 48
HND s t u d e n t s 25 57 30 53
- B# S c • s t u d e n t s 25 53 35 66
S t u d e n t  t e a c h e r s 13 24 14 58
T e a c h e r s 8 36 27 75
T o t a l 255 765 370 48
*  I t  can be argued t  
T response.
ha t  i n e r t i a shou ld have been accepted as a ’ v a l i d ’ '
___ JS
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A l t h o u g h ,  on a v e r a g e ,  t h e  0 —G ra de  p u p i l s  g a v e  more  t o t a l  
r e s p o n s e s  t h a n ,  s a y ,  t h e  B . S c .  s t u d e n t s ,  t h e  m a j o r i t y  
o f  t h e  0 - G r a d e  p u p i l s '  r e s p o n s e s  w e re  i n v a l i d .
( F o r  e x a m p l e ,  ' . a c c e l e r a t i o n '  a p p e a r e d  36 t i m e s ,  
v e l o c i t y ' a p p e a r e d  20 t i m e s ,  and ' f o r c e '  a p p e a r e d  
35 t i m e s )  The B . S c .  s t u d e n t s ,  on t h e  o t h e r  h a n d ,  
g a v e  a g r e a t e r  p r o p o r t i o n  o f  ' v a l i d '  r e s p o n s e s ,  
i n c l u d i n g  f o r  e x a m p l e ,  ' moment o f  i n e r t i a ' .
' c e n t r i p e t a l  f o r c e ' and ' a n g u l a r  m omentum ' .
The  t e a c h e r s  g a v e ,  an a v e r a g e ,  s i g n i f i c a n t l y  more  
r e s p o n s e s  t h a n  any o t h e r  g r o u p .  I n  t e r m s  o f  t h e  
p e r c e n t a g e  o f  ’ v a l i d '  r e s p o n s e s  g i v e n ,  t h e  t e a c h e r s  
and t h e  B . S c .  s t u d e n t s  w e re  s i g n i f i c a n t l y  b e t t e r  ( p ^  O . O l )  
t h a n  any o t h e r  g r o u p .
T a b l e  26 s h o w s ,  f o r  e a c h  g r o u p ,  t h e  t o t a l  num ber  o f  
r e s p o n s e s  g i v e n  t o  t h e  s t a t e m e n t  " t h e  q u a n t i t y  X i s  
r e l a t e d  t o  t h e  mass o f  a b o d y " ,  and - t h e  t o t a l  num ber  
o f  ' v a l i d '  r e s p o n s e s .  S i n c e  ' f o r c e ' and ' i m p u l s e ' 
a r e  now c o n s i d e r e d  ' v a l i d '  r e s p o n s e s ,  t h e  p e r c e n t a g e  
o f  ' v a l i d '  r e s p o n s e s ,  f o r  e a c h  g r o u p ,  i s  g r e a t e r  t h a n  
i n  T a b l e  2 5 .
T a b l e  26 -  Number o f  r e s p o n s e s  p e r  g r o u p
Humber 
in . .  g r o u p
T o t a l  Ho.  
o f  r e s p o n s e s
T o t a l ’ v a l i d  
r e s p o n s e s
P e r c e n t a g e  o f  
’ ^ v a l i d ’ 
r e s p o n s e s
0 - G r a d e  p u p i l s 34 111 54 49
H - G r a d e  p u p i l s 59 185 130 70
HND s t u d e n t s 14 40 31 77
B . S c ,  s t u d e n t s 9 27 21 79
S t u d e n t  t e a c h e r s 6 9 6 67
T e a c h e r s 3 12 10 83
T o t  a l 125 384 ■ 252 66
( A c c e l e r a t i o n ’ cou ld  a lso now be cons idered a A a l i d *  re sponse ) .
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A g a i n ,  as i n  T a b l e  2 5 . t h e  t e a c h e r s  and t h e  B . S c ,  
s t u d e n t s  g i v e  a s i g n i f i c a n t l y  g r e a t e r  p e r c e n t a g e  
(p  ^  O . O l )  o f  ’ v a l i d 1 r e s p o n s e s .  The 0 - G r a d e  
p u p i l s  now show a s i g n i f i c a n t l y  s m a l l e r  p e r c e n t a g e  
(p  ^  O . O l )  o f  ’ v a l i d ’ r e s p o n s e s  t h a n  any o t h e r  
g r o u p .  T h i s  may be e x p l a i n e d  by t h e  f a c t  t h a t  no 
0 - G r a d e  p u p i l  c o u l d  s u g g e s t  ’ i m p u l s e ’ as a p o s s i b l e  
r e s p o n s e ,  s i n c e  t h i s  c o n c e p t  i s  n o t  i n t r o d u c e d  
u n t i l  H - G r a d e .
As t h e  n u m b e r  o f  s t a t e m e n t s  i n c r e a s e s ,  so t h e  num ber  
o f  ’ v a l i d ’ r e s p o n s e s  d e c r e a s e s  a n d ,  a f t e r  a c e r t a i n  
n u m b e r  o f  s t a t e m e n t s  f o r  e ach  c o n c e p t ,  t h e r e  i s  o n l y  
o ne  ’ v a l i d ’ r e s p o n s e  p o s s i b l e .  I n  t h e  n e x t  s e t  o f  
t a b l e s ,  u/e sh o w ,  f o r  e a c h  g r o u p ,  t h e  p r o p o r t i o n  o f  
’ v a l i d ’ r e s p o n s e s  a t  e a c h  s e p a r a t e  s t a t e m e n t .
We w o u l d  e x p e c t  t h e  p r o p o r t i o n  o f  ’ v a l i d ’ r e s p o n s e s  
t o  i n c r e a s e  p r o g r e s s i v e l y .
T a b l e  27 -  P r o p o r t i o n  o f  ’ v a l i d ’ r e s p o n s e s  f o r  ’ momentum’
Gt o u d
No. i n  
o r o u p  1 2
S t a t e m e n t  
3 4
num ber
5 6 7 8 9
0 - G r a d e  p u p i l s 22 0 . 5 0 . 6 0 . 8 0 . 7 0 . 5 0 . 5 0 . 6 0 . 8 0 . 6
H - G r a d e  p u p i l s 26 0 . 5 0 . 6 0 . 8 0 . 9 0 . 7 0 . 8 0 . 8 1 . 0 1 . 0
HND s t u d e n t s 7 0 . 6 0 . 8 1 . 0 0 . 9 0 . 9 0 . 9 0 . 9 1 . 0 1 . 0
B . S c .  s t u d e n t s 5 0 . 7 0 . 7 0 . 8 0 . 8 1 . 0 1 . 0 1 . 0 1 . 0 1 . 0
S t u d e n t  t e a c h e r s 3 0 . 3 0 . 5 0 . 8 1 . 0 0 . 3 0 . 3 0 . 5 0 . 5 1 . 0
T e a c h e r s 3 0 . 8 0 . 7 1 . 0 1 . 0 1 . 0 1 . 0 1 . 0 1 . 0 1 . 0
T o t a l 66 0 . 5 0 . 6 0 . 8 0 . 8 0 . 6 0 . 7 0 . 7 0 . 9 0 . 9
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Two p o i n t s  s h o u l d  be n o t e d  f r o m  T a b l e  2 7 :
( i )
( i i )
T a b l e  28 -  P r o p o r t i o n  o f  ’ v a l i d ’ r e s p o n s e s  f o r  ’ k i n e t i c  e n e r g y
G r o u p
No. i n  
g r o u p ' 1 2
s t a t e m e n t  num ber  
3 4 5 6 7 8 9
0 - G r a d e  p u p i l s 18 0 . 3 0 . 4 0 . 7 0 . 6 0 . 2 0 . 4 0 . 3 0 . 5 . 0 . 9
H - G r a d e  p u p i l s 28 0 . 5 0 . 6 0 . 8 0 . 7 0 . 5 0 . 7 0 . 8 0 . 9 1 . 0
HND s t u d e n t s 6 0 . 5 0 . 7
□•*—1 1 . 0 0 . 3 0 . 3 0 . 7 0 . 7 1 . 0
B . S c .  s t u d e n t s 7 0 . 6 0 . 7 0 . 9 0 . 9 0 . 4 0 . 5 0 . 8 1 . 0 1 . 0
S t u d e n t  t e a c h e r s 3 0 . 5 0 . 6 1 . 0
o•1—1 0 . 3 0 . 0 0 . 2 0 . 0 0 . 6
T e a c h e r s 1 0 . 5 0 . 0 1 . 0 0 . 0 0 . 0 o . o - 0 . 0 1 . 0 1 . 0
T o t a l 63 0 . 5 0 . 6 0 . 8 0 . 7 0 . 4 0 . 5 0 . 6 0 . 7 0 . 9
T h e r e  i s  a m a r k e d  d r o p  i n  t h e  p r o p o r t i o n  o f  ’ v a l i d ’ r e s p o n s e s  
a t  s t a t e m e n t  5 f o r  a l l  g r o u p s .  The r e a s o n  f o r  t h i s ,  we 
b e l i e v e ,  i s  n o t  s t a t e m e n t  5 by i t s e l f .  I t  i s  m o re  l i k e l y  
t h e  j u x t a  p o s i t i o n  o f  s t a t e m e n t s  4 and 5 w h i c h  i s  c a u s i n g  
t h e  p r o b l e m .
W i t h  t h e  e x c e p t i o n  o f  t h e  0 —G ra d e  g r o u p ,  t h e  p r o p o , r t i o n  
o f  ’ v a l i d ’ r e s p o n s e s  r e a c h e s  t h e  e x p e c t e d  maximum 
v a l u e  o f  1 . 0 .  The  B# Sc,  s t u d e n t s  r e a c h  t h i s  l e v e l
a t  s t a t e m e n t  5 ,  t h e  t e a c h e r s  r e a c h  t h i s  l e v e l  a t  
s t a t e m e n t  3 .
T h e r e  i s  a m a r k e d  d r o p  i n  t h e  p r o p o r t i o n  o f  ’ v a l i d ’ 
r e s p o n s e s  a t  s t a t e m e n t  5,  f o r  t h e  0 - G r a d e  p u p i l s ,  
t h e  H - G r a d e  p u p i l s  and t h e  s t u d e n t  t e a c h e r s .  The
s t a t e m e n t  w h i c h  i s  c a u s i n g  d i f f i c u l t y  i s  :
5 .  ’’ T h e  q u a n t i t y  X i n c r e a s e s  when a f o r c e  i s  a p p l i e d  
t o  a b o d y ,  as i n d i c a t e d  b e l o w : -
F o r c e
—►
T im e
Q u a n t i t y  X
T im e
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4 .  ’’ The  q u a n t i t y  X i n c r e a s e s  when a f o r c e  i s  a p p l i e d  
t o  a b o d y ,  as i n d i c a t e d  b e l o w : -
F o r c e Q u a n t i t y
T3Titan ce Tl^ne
5* ’’ The  c h a n g e  p r o d u c e d  i n  t h e  q u a n t i t y  X i s  a m e a s u r e  
o f  t h e  w o r k  done  by t h e  a p p l i e d  f o r c e ”
T a b l e  29 -  P r o p o r t i o n  o f  ’ v a l i d ’ r e s p o n s e s  f o r  ’ p o t e n t i a l  e n e r g y ’
G r o u p  .
Number 
i n  g r o u p 1 2
s t a t e m e n t  num ber  
3 4 5 6 7 8 9
S - G r a d e  p u p i l s 14 0 . 4 0 . 4 0 . 2 0 . 4 0 . 5 0 . 9 0 . 8 0 . 7 0 . 8
H - G r a d e  p u p i l s 29
in•CD 0 . 6 0 . 7 0 . 8 0 . 4 0 . 4 0 . 8 0 . 9 1 . 0
HND s t u d e n t s 5 CD « 0 . 8 0 . 6 0 . 6 0 . 6 0 . 8 0 . 8 0 . 8 1 . 0
B . S c .  s t u d e n t s 7 0 . 8 0 . 8 0 . 3 0 . 4 CD • CD 1 . 0 1 . 0 1 . 0 1 . 0
S t u d e n t  t e a c h e r s 3 0 . 6 0 . 3 0 . 3 0 . 0 0 . 5 0 . 7 0 . 0 0 . 7
CD•i—I
T e a c h e r s 4 0 . 8 0 . 9 1 . 0 1 . 0 0 . 8
□•i—| 1 . 0 1 . 0
CD•*—{
T o t a l 62 0 . 6 0 . 6 0 . 6 0 . 7 0 . 5 0 . 8 0 . 8 0 . 8 1 . 0
The p ro b le m  s t a t e m e n t s  f o r  p o t e n t i a l  e n e rg y  seem t o  be 
3 ,  4 and 5 .  T h i s  i s  p a r t i c u l a r l y  c l e a r  i n  t h e  p a t t e r n  o f  
r e s p o n s e s  f o r  t h e  B . S c .  s t u d e n t s ,  bu t  a l l  g r o u p s ,  a p a r t  
f r o m  t h e  t e a c h e r s ,  show a s i m i l a r  p a t t e r n .  I t  i s  no t  u n t i l  
s t a t e m e n t  6 t h a t  uie see  a marked i n c r e a s e  i n  t h e  p r o p o r t i o n  
o f  ’ v a l i d ’ r e s p o n s e s .
I t  has s in ce  been p o in te d  ou t  t h a t ,  i n  s ta tement  4 f o r  ’ k i n e t i c  ene rg y ’ 
and s ta tement  3 f o r  ’ p o t e n t i a l  e ne rg y ’ , the graph showing how the 
q u a n t i t y  X inc reases  w i t h  t ime should no t  be a s t r a i g h t  l i n e .  In each 
case,  the energy inc re ase s  as the square o f  the t im e .  Th is would 
e x p la in  why these sta tements  caused problems f o r  a l l  groups,  as 
i n d i c a t e d  i n  Tables 28 and 29.
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3 * " I o % q h n d v i t y  ^ e n  a f o r e s  i s  a p p l i e dt o  a b o d y ,  as i n d i c a t e d  b e l o w : -
F o r c e
D i s t a n c e
Q u a n t i t y  X
0
T im e
4 * " T he c h a n g e  p r o d u c e d  i n  t h e  q u a n t i t y  X i s  a m e a s u r e  
o f  t h e  w o rk  done  a g a i n s t  g r a v i t y . ”
5 .  ” The  q u a n t i t y  X d e p e n d s  on t h e  p o s i t i o n  o f  t h e  b o d y . f-»
T a b l e  30 -  P r o p o r t i o n  o f  ’ v a l i d ’ r e s p o n s e s  f o r  ’ w e i g h t *
G ro u p
Number 
i n  g r o u p 1 2 3
S t a t e m e n t  
4 5
num ber  
6 7 8 9
0 - G r a d e  p u p i l s 20 0 . 3 0 . 4 0 . 4 0 . 4 0 . 4 0 . 4 0 . 4 0 . 7 0 . 6
H - G r a d e  p u p i l s 31 0 . 5 0 . 6 0 . 6 0 . 6 0 . 5 0 . 5 0 . 5 0 . 8 □ . CD
HND s t u d e n t s 7 0 . 4 0 . 6 0 . 6 ’ 0 . 7 0 . 7 0 . 7 0 . 7 1 . 0 1 . 0
B . S c .  s t u d e n t s 6 0 . 6 0 . 7 0 . 8 0 . 9 0 . 6 ■ 0 . 6 0 . 6 0 . 9 0 . 7
S t u d e n t  t e a c h e r s 4 0 . 8 0 . 8 1 . 0 0 . 0 0 . 7 0 . 8 0 . 7 0 . 7 0 . 8
T e a c h e r s 0 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0
T o t a l 68 0 . 4
CD•□ 0 . 6 0 . 6 0 . 5 0 . 5 0 . 5 0 . 8 0 . 8
T h i s  i s  an i n t e r e s t i n g  s i t u a t i o n .  I t  i s  q u i t e  c l e a r  f r o m  
t h e  p a t t e r n  o f  r e s p o n s e s  f o r  a l l  g r o u p s ,  t h a t  ! w e i g h t ’ 
was n o t  t h e  f i r s t  name t h a t  came i n t o  m os t  p u p i l s ’
( o r  s t u d e n t s ’ ) m i n d s .  I n d e e d  ’ t h e  f o r c e  due t o  g r a v i t y ’ 
and  ’ g r a v i t a t i o n a l  f o r c e ’ a p p e a r e d  more  f r e q u e n t l y  t h a n  d i d  
’ w e i g h t ’ . t ie a c c e p t e d  t h e s e  as ’ v a l i d ’ , b u t  c o u l d  n o t  
a c c e p t  j u s t  ’ f o r c e ’ o r  ’ g r a v i t y ’ .
t ie w e r e  s u r p r i s e d  t o  f i n d  t h a t  v e r y  f e w  p u p i l s  o r  
s t u d e n t s  seemed t o  u s e  t h e  t e r m  ’ w e i g h t ’ i n  t h e  same 
s o r t  o f  way as t h e y  u s e d  s u c h  t e r m s  as ’ f o r c e  o r  
’ m o m e n tu m ’ .  The p a t t e r n  o f  r e s p o n s e s  i n d i c a t e d  t h a t ,  
a t  a f a i r l y  e a r l y  s t a g e ,  m o s t  p u p i l s / s t u d e n t s  knew  t h e  
r e q u i r e d  c o n c e p t  i n v o l v e d  ' f o r c e '  and ' g r a v i t y ' ,  b u t  t h e y  
d i d  n o t  seem a b l e  t o  c o n n e c t  i t  w i t h  ' u i e i g h t '  -  h e n c e  t h e  
r a t h e r  i n v o l v e d  c i r c u m l o c u t i o n s .
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T h e  c r u c i a l  s t a t e m e n t ,  i n  o u r  o p i n i o n ,  was s t a t e m e n t  4:
,TThe  h o r i z o n t a l  c o m p o n e n t  o f  t h e  q u a n t i t y  X i s  a l w a y s  
z e r o " .
I t  was i n t e r e s t i n g  t o  n o t e  t h a t  t h i s  s t a t e m e n t  m e an t  
n o t h i n g  a t  a l l  t o  t h e  s t u d e n t  t e a c h e r s .
T a b l e  5 1 :  P r o p o r t i o n  o f  Tv a l i d > r e s p o n s e s  f o r  Tf o r c e ?
G ro u p
Number 
i n  g r o u p 1 2
S t a t e m e n t  
3 4
num ber  
5 6 7 8 9
□ - G r a d e  p u p i l s 15 ’ 0 . 6 0 . 7 0 . 8 0 . 8 0 . 6 0 . 2 0 . 4 1 . 0 1 . 0
H - G r a d e  p u p i l s 29 0 . 7 0 . 8 0 . 9 0 . 9 0 . 8 0 . 6 0 . 4 0 . 7 0 . 9
HND s t u d e n t s 7 0 . 7 1 . 0 1 . 0 1 . 0 0 . 9 0 . 4 0 . 4 1 . 0 1 . 0
B . S c .  s t u d e n t s 5 0 . 8 1 . 0 1 . 0 1 . 0 1 . 0 1 . 0 1 . 0 1 . 0 1 . 0
S t u d e n t  t e a c h e r s 3 0 . 8 1 . 0 1 . 0 1 . 0 0 . 7 0 . 7 0 . 7 1 . 0 1 . 0
T e a c h e r s 1 1 . 0 1 . 0 1 . 0 1 . 0 1 . 0 1 . 0 1 . 0 1 . 0 1 . 0
T o t a l 60 0 . 7 0 . 8 0 . 9 0 . 9 0 . 7 0 . 5 0 . 5 0 . 9 0 . 9
T h r e e  p o i n t s  s h o u l d be n o t e d f r o m T a b l e 31 :
( i )
( i i )
( i i i )
T h e r e  i s  no e v i d e n c e  t o  s u g g e s t  t h a t  t h e  f i r s t  
s t a t e m e n t  " T h e  q u a n t i t y  X i s  r e l a t e d  t o  t h e  mass o f  
a b o d y ”  was m i s l e a d i n g
The  B . S c .  s t u d e n t s  g a v e  s e v e r a l  f v a l i d T a l t e r n a t i v e  
a n s w e r s  t o  t h e  f i r s t  f e w  s t a t e m e n t s .  I t  i s  o n l y  by 
s t a t e m e n t  6 t h a t  t h e y  n a r r o w  t h e  c h o i c e  down t o  
* f o r c e T (T h e  t e a c h e r  g a v e  o n l y  one  r e s p o n s e  a t  
e v e r y  s t a g e )
S t a t e m e n t s  5 , 6  and 7 g i v e  some p r o b l e m s  t o  t h e  o t h e r  
g r o u p s
5 .  " T h e  c h a n g e  i n  v e l o c i t y  c o r r e s p o n d i n g  t o  a c h a n g e  i n  
t h e  q u a n t i t y  X i s  i n d i c a t e d  b e l o w : —
Q u a n t i t y  X
A ’fc
im e
V e l o c i t y
T im e
A-fc
6 .  " T h e  q u a n t i t y  X i s  m e a s u r e d  by t h e  r a t e  o f  c h a n g e  o f
momentum”
7 .  " T h e  q u a n t i t y  X i s  a v e c t o r  q u a n t i t y
186
T a b l e  32 -  P r o p o r t i o n  o f  ' v a l i d *  r e s p o n s e s  f o r  ’ i m p u l s e ’
G ro u p
Number 
i n  g r o u p 1 2
S t a t e m e n t  num ber  
3 4 5 6 7 8 9
0 - G r a d e  p u p i l s IB 0 . 4 0 . 8 0 . 8 0 . 8 0 . 5 0 . 1 0 . 0 0 . 0 0 . 0
H - G r a d e  p u p i l s 29 0 . 7 0 . 8 0 . 7 0 . 8 0 . 7 0 . 6 0 . 6 0 . 8 0 . 9
HND s t u d e n t s 7 0 . 9 0 . 9 0 . 9 0 . 9 0 . 7 0 . 7 0 . 7 0 . 7 0 . 7
B . S c . s t u d e n t s 4 0 . 7 1 . 0 0 . 8 1 . 0 1 . 0 1 . 0 1 . 0 1 . 0 1 . 0
S t u d e n t  t e a c h e r s 3 0 . 5 0 . 8 0 . 7 0 . 3 0 . 3 0 . 3 0 . 0 0 . 0 0 . 0
T e a c h e r s 2 0 . 8 1 . 0 1 . 0
□•i—1 1 . 0 0 . 5 1 . 0 0 . 5 1 . 0
T o t a l 61 0 . 6 0 . 9 0 . 8 0 . 8 0 . 6 0 . 5 0 . 5 0 . 5 0 . 6
The  0 - G r a d e  p u p i l s  c a n n o t  be e x p e c t e d  t o  r e c o g n i s e  t h e  
c o n c e p t  i n v o l v e d  h e r e  i s  ! i m p u l s e T, s i n c e  t h e y  w i l l  n o t  y e t  
h a v e  met  t h i s  c o n c e p t .  The s t u d e n t  t e a c h e r s ,  who a r e  n o t  
p h y s i c s  s p e c i a l i s t s ,  h a v e  c l e a r l y  n o t  h e a r d  o f  ! i m p u l s e ! 
e i t h e r ,  o r  p o s s i b l y  h a v e  l o n g  s i n c e  f o r g o t t e n  a b o u t  i t .
S t a t e m e n t  5 seemed t o  c a u s e  some d i f f i c u l t y ,  a l t h o u g h  me 
h ad  t h o u g h t  e a r l i e r  t h a t  i t  was a r a t h e r  o b v i o u s  Tc l u e ! .
5 .  ” I f  a f o r c e  i s  a p p l i e d  t o  a b o d y ,  t h e  q u a n t i t y  X 
i s  i n d i c a t e d  by  t h e  s h a d e d  a r e a " .
F o r c e
C o n s t a n t
V s x
f o r c e  c  u F o r c e
4.------------ ► 0 -
V a r y i n g  
f o r c e
A4r T im e A i T im e
We n o t e d ,  w i t h  i n t e r e s t ,  t h a t  t h e  s t a t e m e n t s  w h i c h  seemed 
t o  g i v e  m o s t  p r o b l e m s  w e r e ,  i n  a l l  c a s e s ,  t h e  o n e s  w h i c h  
i n v o l v e d  s k e t c h  g r a p h s .  C l e a r l y  b o t h  p u p i l s  and s t u d e n t s  
a r e  l i k e l y  t o  f i n d  t h e s e  d i f f i c u l t  t o  i n t e r p r e t .  I t  may b e ,  
as we h a v e  s u g g e s t e d  i n  an e a r l i e r  c h a p t e r ,  t h a t  a g r a p h  
c a n  p r e s e n t  j u s t  t o o  much i n f o r m a t i o n ,  i n  a s y m b o l i c ,  
i m p l i c i t  f o r m ,  f o r  m o s t  p u p i l s  t o  a s s i m i l a t e .  The  
p r o b l e m  may be o ne  o f  i n f o r m a t i o n  o v e r l o a d ’ .
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liJe now r e p o r t  some i n d i v i d u a l  r e s p o n s e  s e q u e n c e s  t o  g i v e  
some i n d i c a t i o n  o f  b o t h  t y p i c a l  and a t y p i c a l  r e s p o n s e s .  
O b v i o u s l y  we h a v e  been  s e l e c t i v e  i n  w h a t  s e q u e n c e s  o f  
r e s p o n s e s  we h a v e  c h o s e n  t o  r e p o r t ,  b u t  ue f e l t  t h e r e  
w o u l d  be l i t t l e  v a l u e  i n  g i v i n g  an e x h a u s t i v e  l i s t i n g  o f  
a l l  t h e  p o s s i b l e  v a r i a t i o n s *  We t h i n k  t h a t  t h e  t w e n t y  
e x a m p l e s  w h i c h  f o l l o w  w i l l  g i v e  a v e r y  f a i r  i n d i c a t i o n  
o f  t h e  g e n e r a l  p a t t e r n  o f  r e s u l t s ,  and w i l l  d e m o n s t r a t e  
t h e  v a l u e  o f  t h e  ’ c o n f i d e n c e  r a t i n g ’ t a b l e  w h i c h  a p p e a r e d  
on  e a c h  p a g e .
I t  w i l l  be r e c a l l e d  t h a t  a c o n f i d e n c e  l e v e l  o f  ’ 1 ’ 
c o r r e s p o n d e d  t o  t h e  s t a t e m e n t  ” 1 h a v e  no r e a l  i d e a ,  
so  I  h a v e  j u s t  made a g u e s s "  and a c o n f i d e n c e  l e v e l  o f  
’ 5 ’ c o r r e s p o n d e d  t o  t h e  s t a t e m e n t  ” 1 know  i t  i s  • • • • • • • •
and  I  can  p r o v e  i t ’’.
We s t a r t  w i t h  t h r e e  e x a m p l e s  t o  show w h a t  we w o u l d  c a l l  
a ’ t y p i c a l 1 r e s p o n s e  p a t t e r n .  I n  ea ch  c a s e ,  t h e  number 
o f  s u g g e s t e d  c o n c e p t s  d e c r e a s e s  s t e a d i l y ,  as t h e  s u b j e c t  
i s  g i v e n  m o re  and m o re  i n f o r m a t i o n ,  u n t i l  o n l y  one  c o n c e p t  
r e m a i n s .  A t  t h e  same t i m e ,  t h e  c o n f i d e n c e  l e v e l  s t e a d i l y  
i n c r e a s e s ,  as t h e  s u b j e c t  becom es  more  and more  c e r t a i n  t h a t  
he  i s  c o r r e c t .  T h i s  p a t t e r n  o f  r e s p o n s e s  was v e r y  t y p i c a l  
o f  t h e  t e a c h e r s ,  t h e  B . S c .  s t u d e n t s  and many o f  t h e  H -G r a d e  
p u p i l s  and HND s t u d e n t s .
1 .  S u b j e c t  = T e a c h e r  Q u a n t i t y  X = ’ momentum’
Paqe  Q u a n t i t y  X C o n f i d e n c e  l e v e l
1 momentum,  k i n e t i c  e n e r g y  1
p o t e n t i a l  e n e r g y ,  w e i g h t ,  
a c c e l e r a t i o n
2 momentum,  k i n e t i c  e n e r g y ,  1
w e i g h t ,  a c c e l e r a t i o n
3 momentum,  w e i g h t  2





9 momentum J 5
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2 ,  S u b j e c t  = H -G rade  p u p i l , Q u a n t i t y  X = t f o r c 9 t
Page Q u a n t i t y  X C o n f i d e n c e  l e v e l
1 a c c e l e r a t i o n ,  f o r c e ,  l
momentum
2 momentum,  f o r c e  1
3 f o r c e  2
4 f o r c e  3
5 f o r c e  3
6 f o r c e  4
7 f o r c e  4
8 f o r c e  5
9 f o r c e  5
3 # S u b j e c t  = B . S c .  s t u d e n t  Q u a n t i t y  X = p o t e n t i a l  e n e r g y ’
Page Q u a n t i t y  X C o n f i d e n c e  l e v e l
1 w e i g h t ,  momentum,  3
k i n e t i c  e n e r g y ,
p o t e n t i a l  e n e r g y
2 w e i g h t ,  momentum,  3
k i n e t i c  e n e r g y ,
p o t e n t i a l  e n e r g y
3 momentum,  k i n e t i c  e n e r g y ,  3
p o t e n t i a l  e n e r g y
4 '  p o t e n t i a l  e n e r g y ,  k i n e t i c  3
e n e r g y
5 p o t e n t i a l  e n e r g y  3
6 p o t e n t i a l  e n e r g y  4
7 p o t e n t i a l  e n e r g y  4
8 p o t e n t i a l  e n e r g y  4
9 p o t e n t i a l  e n e r g y  5
I t  i s  a d v a n t a g e o u s  t o  s t a r t  w i t h  s e v e r a l  p o s s i b l e  
c o n c e p t s  and g r a d u a l l y  n a r r o w  down t h e  c h o i c e ,  as i n  
t h e  f o l l o w i n g  e x a m p l e !
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4* S u b j e c t  = H - G r a d e  p u p i l  Q u a n t i t y  X = k i n e t i c  e n e r g y *
P-a5 e Q u a n t i t y  X C o n f i d e n c e  l e v e l
1 h e a t  e n e r g y ,  k i n e t i c  1
e n e r g y ,  p o t e n t i a l  e n e r g y ,  
momentum,  i m p u l s e
2 momentum, k i n e t i c  e n e r g y ,  
p o t e n t i a l  e n e r g y ,  i m p u l s e
1
3 momentum, k i n e t i c  e n e r g y 2
4 k i n e t i c  e n e r g y 2
5 k i n e t i c  e n e r g y 3
6 k i n e t i c  e n e r g y 4
7 k i n e t i c  e n e r g y 4
8 k i n e t i c  e n e r g y 5
9 k i n e t i c  e n e r g y 5
S t a r t i n g  w i t h o n l y  one  c o n c e p t  im p o s e s  c e r t a i n
r e s t r i c t i o n s . Of c o u r s e ,  i f  t h e  s u b j e c t h a p p e n s
t o  c h o o s e  t h e ’ c o r r e c t ’ c o n c e p t  t o  s t a r t w i t h ,
t h e n  e a c h  s u c c e s s i v e  s t a t e m e n t  w i l l  r e i n f o r c e  t h i s
c h o i c e ,  as t h e f o l l o w i n g  e x a m p le  s h o w s :
B u b i e c t  = H - G r a d e  p u p i l  Q u a n t i t y  X =  ’ m omentum ’
Paqe Q u a n t i t y  X C o n f i d e n c e  l e v e l
1 momentum 2
2 momentum 2







M o re  f r e q u e n t l y ,  h o w e v e r ,  t h e  i n i t i a l  c o n c e p t  t u r n s  o u t  
t o  be w r o n g .  T h i s  e v e n t u a l l y  becomes o b v i o u s  t o  t h e  
s u b j e c t  and he i s  f o r c e d  t o  s t a r t  a g a i n .  The  c o n f i d e n c e  
l e v e l  i s  t y p i c a l l y  l o w ,  as t h e  f o l l o w i n g  e x a m p le  shows*
S u b j e c t  = 0 - G r a d e  p u p i l Q u a n t i t y  X = ’ k i n e t i c  e n e r q y T
Page Q u a n t i t y  X C o n f i d e n c e  l e v e l
1 v e l o c i t y  2




6 k i n e t i c  e n e r g y  2
7 k i n e t i c  e n e r g y  2
8 k i n e t i c  e n e r g y  2
9 k i n e t i c  e n e r g y  5
I t  s h o u l d  n o t  be assumed t h a t  m o s t  0 - G r a d e  p u p i l s  t e n d e d  
t o  g i v e  o n l y  s i n g l e  r e s p o n s e s .  I n  f a c t ,  a p a r t  f r o m  t h e  
t e a c h e r s  g r o u p ,  t h e  0 - G r a d e  p u p i l s  g a v e  s i n g l e  r e s p o n s e s  
l e s s  f r e q u e n t l y  t h a n  any o t h e r  g r o u p .  The  B . S c .  
s t u d e n t s ,  on  a v e r a g e ,  g ave  s i n g l e  r e s p o n s e s  more  
f r e q u e n t l y  t h a n  any o t h e r  g r o u p .
What t e n d e d  t o  c h a r a c t e r i s e  t h e  0 - G r a d e  p u p i l s  was 
t h a t  t h e y  g e n e r a l l y  needed  more  i n f o r m a t i o n  b e f o r e  t h e y  
c o u l d  c o n f i d e n t l y  i d e n t i f y  t h e  q u a n t i t y  X.  T h i s  i s  
i l l u s t r a t e d  by t h e  f o l l o w i n g  e x a m p l e ,  i n  w h i c h  t h e  
r e q u i r e d  c o n c e p t  ( T m omentum1 ) i s  p r e s e n t  a t  e v e r y  
s t e p ,  b u t  i t  i s  n o t  u n t i l  s t a t e m e n t  8 t h a t  t h e  p u p i l  
i s  s u r e  o f  h i s  a n s w e r .
S u b j e c t  = 0 - G r a d e  p u p i l  Q u a n t i t y  X = M o m e n t u m 1
Paoe Q u a n t i t y  X C o n f i d e n c e  l e v e l
1 f o r c e ,  w e i g h t ,  k i n e t i c  
e n e r g y ,  momentum,  p r e s s u r e ,  
v o l u m e 1
2 momentum,  k i n e t i c  
p o t e n t i a l  e n e r g y ,
e n e r g y , 
f o r c e
1
3 momentum,  k i n e t i c e n e r g y 2
4 momentum, k i n e t i c e n e r g y 1
5 momentum,  k i n e t i c  
a c c e l e r a t i o n
e n e r g y , 1
6 momentum, k i n e t i c  
a c c e l e r a t i o n
e n e r g y , 1
7 momentum 2
8 . momentum • ~ ' ■ ' 4
9 momentum 5
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The 0 —G ra d e  p u p i l s  t e n d e d  t o  t r e a t  ea ch  s t a t e m e n t  on 
i t s  own, and t o  r e s p o n d  w i t h  a c o n c e p t  w h i c h  f i t t e d  
t h a t  p a r t i c u l a r  s t a t e m e n t  i r r e s p e c t i v e  o f  w h e t h e r  
o r  n o t  i t  was c o m p a t i b l e  w i t h  p r e v i o u s  s t a t e m e n t s .
An H - G r a d e  p u p i l ,  on t h e  o t h e r  h a n d ,  t e n d e d  t o  use 
t h e  g i v e n  i n f o r m a t i o n  t o  c o n f i r m  h i s  c h o i c e  o f  c o n c e p t .  
I n  t h e  f o l l o w i n g  t h r e e  e x a m p l e s ,  t h e  q u a n t i t y  X i s  
f o r c e  a n d ,  f o r  r e f e r e n c e ,  we have  p r o v i d e d  t h e  n i n e  
s t a t e m e n t s .  The 0 - G r a d e  p u p i l  t a i l o r s  h i s  r e s p o n s e  
t o  s u i t  t h e  g i v e n  s t a t e m e n t .  The H - G r a d e  p u p i l  
makes one  m a j o r  1 c o u r s e  a d j u s t m e n t ’ a t  s t a t e m e n t  5 ,  
b u t  o t h e r w i s e  i s  u s i n g  t h e  g i v e n  i n f o r m a t i o n  t o  
i n c r e a s e  h i s  ’ c o n f i d e n c e  r a t i n g ’ . The B . S c .  s t u d e n t  
show s  h i s  u n d e r s t a n d i n g  o f  s t a t e m e n t  4 by i n c l u d i n g  
a f u r t h e r  tw o  v a l i d  c o n c e p t s ,  b u t  f r o m  t h e n  on he 
u s e s  t h e  i n f o r m a t i o n  t o  c o n f i r m  h i s  f i n a l  c h o i c e  o f  
’ f o r c e ’ .
The  0 - G r a d e  p u p i l ,  u n t i l  t h e  o t h e r  t w o ,  i s  n e v e r  
v e r y  c o n f i d e n t  t h a t  he h a s  c o r r e c t l y  i d e n t i f i e d  t h e  
q u a n t i t y  X.
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9• S u b j e c t  -  H—Grade p u p i l  Q u a n t i t y  X = ’ f o r c e *
- a Q0 Q u a n t i t y  X C o n f i d e n c e  l e v e l
1 f o r c e ,  a c c e l e r a t i o n  2
momentum, e n e r g y ,
v e l o c i t y
2 v e l o c i t y ,  momentum 3
3 momentum 3
4 momentum 4
5 f o r c e ,  momentum 3
6 f o r c e  4
7 f o r c e  4
B f o r c e  5
9 f o r c e  5
1 0 *  S u b j e c t  = B * S c , s t u d e n t  Q u a n t i t y  X = Tf o r c e T
Page Q u a n t i t y  X C o n f i d e n c e  l e v e l
1 i n e r t i a ,  w e i g h t  2
s p e c i f i c  h e a t  c a p a c i t y ,  
momentum, k i n e t i c  e n e r g y
2 momentum, k i n e t i c  e n e r g y  3
3 momentum 3
4 momentum, i m p u l s e ,  f o r c e  4
5 momentum, f o r c e  4
6 f o r c e  5
7 f o r c e  5
8 f o r c e  5
9 f o r c e  5
liie  h a v e  a l r e a d y  n o t e d  t h a t  t h e  t e r m  * w e i g h t * was n o t  
c o m m o n ly  u s e d  by any g r o u p *  The  f o l l o w i n g  e x a m p le  
i l l u s t r a t e s  t h i s *  The r e s p o n s e  A c c e l e r a t i o n  due  t o  
g r a v i t y ! i s  p e r f e c t l y  v a l i d ,  a l t h o u g h  u n e x p e c t e d .
The  t e r m  ! w e i g h t 1, h o w e v e r ,  i s  n e v e r  m e n t i o n e d *
T h e r e  i s  one  i n v a l i d  r e s p o n s e .  TK i n e t i c  e n e r g y 1 c a n n o t  
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S t a t e m e n t s  a b o u t  t h e  c o n c e p t  * i m p u l s e  * c a u s e d  p r o b l e m s  t o  
□—G r a d e  p u p i l s  and t h e  s t u d e n t  t e a c h e r s ,  b u t  t h e  o t h e r  
g r o u p s  had  l i t t l e  d i f f i c u l t y .  The  f o l l o w i n g  tw o  e x a m p l e s ,  
o ne  f o r  a s t u d e n t  t e a c h e r  and t h e  o t h e r  f o r  an HMD s t u d e n t ,  
i l l u s t r a t e  t h i s ,
1 2 ,  S u b j e c t  = s t u d e n t  t e a c h e r  Q u a n t i t y  X = t i m p u l s e t
Pape  Q u a n t i t y  X C o n f i d e n c e  l e v e l
1 f o r c e ,  g r a v i t y  5
2 f o r c e  4
3 f o r c e  5
4 f o r c e  5
5 momentum 4
6 i m p u l s e  1
7 f o r c e  2
8 momentum 4
9 momentum 4
I t  i s  i n t e r e s t i n g  t o  n o t e  t h e  h i g h  c o n f i d e n c e  l e v e l ,  e x c e p t  
w h e r e  she  t h i n k s  t h e  a n s w e r  i s  T i m p u l s e T, The  s u g g e s t e d  
r e s p o n s e s  a r e  n o t ,  i n  f a c t ,  i n v a l i d  i n  m o s t  c a s e s  f o r  
t h e  p a r t i c u l a r  s t a t e m e n t  t h e y  r e f e r  t o ,
1 3 .  S u b j e c t  = HMD s t u d e n t  Q u a n t i t y  X = Ti m p u l s e T
P aQe Q u a n t i t y  X C o n f i d e n c e  l e v e l
1 momentum, a c c e l e r a t i o n  
f o r c e ,  k i n e t i c  e n e r g y ,  
p o t e n t i a l  e n e r g y
2
2 momentum,  i m p u l s e ,  
k i n e t i c  e n e r g y
3
3 momentum,  k i n e t i c  e n e r g y 3
4 i m p u l s e ,  f o r c e 3
5 i m p u l s e 4
8 i m p u l s e 4
7 i m p u l s e 4
8 i m p u l s e 4
9 i m p u l s e 4
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The  s t u d e n t  t e a c h e r s  p r o v i d e d  some i n t e r e s t i n g  r e s p o n s e  
p a t t e r n s ,  liie m u s t  e m p h a s i s  t h a t  t h e y  w e r e  a l l  g r a d u a t e s  
and  w e r e  t h e r e f o r e  i n t e l l e c t u a l l y  Ta bo ve  a v e r a g e ’ . H o s t  
o f  t h e m ,  h o w e v e r ,  had n o t  done any p h y s i c s  s i n c e  l e a v i n g  
s c h o o l  and had  t h e r e f o r e  had f o u r  y e a r s  i n  w h i c h  t o  f o r g e t  
w h a t  p h y s i c s  k n o w l e d g e  t h e y  m i g h t  o nce  h ave  h a d .  T h e i r  
p e r f o r m a n c e  on t h e  t e s t  m a t e r i a l  was n o t  b e t t e r  t h a n  
t h a t  o f  an 0 - G r a d e  p u p i l ,  as t h e  f o l l o w i n g  e x a m p le s  s h o w s !
1 4 ,  S u b j e c t  = S t u d e n t  t e a c h e r  Q u a n t i t y  X = ’ p o t e n t i a l  e n e r g y ’
Page Q u a n t i t y  X C o n f i d e n c e  l e v e l
1 f o r c e ,  k i n e t i c  e n e r g y  3
2 f o r c e  3
3 d i s t a n c e  1
4 d i s t a n c e  1
5 p o t e n t i a l  e n e r g y ,  k i n e t i c  e n e r g y  1
6 p o t e n t i a l  e n e r g y  1
7 momentum 1
8 p o t e n t i a l  e n e r g y  1
9 p o t e n t i a l  e n e r g y  5
liie  had  e a r l i e r  s u g g e s t e d  t h a t  a s u d d e n  d r o p  i n  t h e  c o n f i d e n c e  
r a t i n g  w o u l d  be i n d i c a t i v e  o f  a f a i l u r e  t o  m a tc h  t h e  
i n f o r m a t i o n  p r o v i d e d  i n  t h e  g i v e n  s t a t e m e n t  t o  t h e  p a r t i c u l a r  
c o n c e p t  t h e  s u b j e c t  was t h i n k i n g  o f .  T h e  f o l l o w i n g  e x a m p le s  
i l l u s t r a t e  t h i s  s i t u a t i o n .
I n  e a c h  c a s e ,  we h a v e  p r o v i d e d  t h e  s t a t e m e n t  w h i c h  c a u s e s  t h e  
s h a r p  d r o p  i n  t h e  ’ c o n f i d e n c e  r a t i n g 1,
1 5 ,  S u b j e c t  = H—G ra d e  p u p i l  Q u a n t i t y  X = ’ w e i g h t ’
Paae Q u a n t i t y  X C o n f i d e n c e
1 f o r c e 3
2 momenturn 3
3 momentum 2
4 f o r c e 3
5 f o r c e 4
6 ' p o t e n t i a l  e n e r g y 1
7 f o r c e 2
8 f o r c e 4
9 f o r c e
3
S t a t e m e n t  6 was:
6 .  The  g r a p h  o f  t h e  q u a n t i t y  X a g a i n s t  t i m e  l o o k s  l i k e  t h i s : -  
Q u a n t i t y  X 4
T im e
1 6 .  S u b j e c t  = H - G r a d e  p u p i l  Q u a n t i t y  X = P o t e n t i a l  e n e r o v *
Page Q u a n t i t y  X C o n f i d e n c e  l e v e l
1 f o r c e ,  a c c e l e r a t i o n 1
2 a c c e l e r a t i o n 2
3 a c c e l e r a t i o n 3




8 w o r k  done 1
9 p o t e n t i a l  e n e r g y 5
S t a t e m e n t  5 was :
" T h e q u a n t i t y  X d e p e n d s  on t h e p o s i t i o n  o f t h e  b o d y "
S t a t e m e n t  9 w a s :
" T h e q u a n t i t y  X i s  d e f i n e d  by t h e  e q u a t i o n Ep = "»gh"
S u b i e c t  -  H—G ra d e  p u p i l Q u a n t i t y  X = ! k i n e t i c  e n e r q y
Paqe Q u a n t i t y  X C o n f i d e n c e  l e v e l
1 v e l o c i t y ,  k i n e t i c  e n e r g y  
a c c e l e r a t i o n ,  p o t e n t i a l e n e r g y
3
2 k i n e t i c  e n e r g y ,  v e l o c i t y  
momentum, a c c e l e r a t i o n
3
3 momentum, k i n e t i c  e n e r g y 4
4 momentum, k i n e t i c  e n e r g y 2
5 k i n e t i c  e n e r g y 4
6 k i n e t i c  e n e r g y 2
7 k i n e t i c  e n e r g y 4
8 k i n e t i c  e n e r g y 5
9 k i n e t i c  e n e r g y 5
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S t a t e m e n t  4 was
4*  nThe q u a n t i t y  X i n c r e a s e s  when a f o r c e  i s  a p p l i e d  t o  a b o d y ,  
as i n d i c a t e d  b e l o w : -
* See f o o t n o t e  on page 183
F o r c e Q u a n t i t y  X
T im eD i s t a n c e
S t a t e m e n t  6 w a s : -
6 # "When a bo d y  i s  r e l e a s e d  f r o m  a h e i g h t  a b o v e  t h e  g r o u n d ,  
t h e  q u a n t i t y  X i n c r e a s e s  as t h e  bod y  f a l l s .
P e r h a p s  t h e  m o s t  e x t r e m e  f l u c t u a t i o n  i n  Tc o n f i d e n c e  r a t i n g *  
was t h e  f o l l o w i n g  e x a m p l e :
1 8 .  S u b j e c t  = H - G r a d e  p u p i l  Q u a n t i t y  X = Tw e i o h t T
Page  Q u a n t i t y  X C o n f i d e n c e  l e v e l
1 f o r c e ,  momentum, 3
p o t e n t i a l  e n e r g y
2 f o r c e ,  momentum 3
k i n e t i c  e n e r g y
3 momentum,  f o r c e  5
4 momentum 1
5 f o r c e  2
6 f o r c e  1
7 momentum 4
8 f o r c e  4
9 f o r c e  5
S t a t e m e n t  4 was
’’T h e  h o r i z o n t a l  c o m p o n e n t  o f  t h e  q u a n t i t y  X i s  a l w a y s  z e r o ”  
S t a t e m e n t  7 was
’’T he  q u a n t i t y  X i s  a v e c t o r  q u a n t i t y ”
( O b v i o u s l y  t h i s  p u p i l  r e c a l l s  t h a t  ’ momentum ’ i s  a 
v e c t o r  q u a n t i t y )
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On o c c a s i o n s  we n o t e d  o u r  a b r u p t  s w i t c h  o f  t h e  c h o s e n  c o n c e p t  
w i t h o u t  any c o r r e s p o n d i n g  v a r i a t i o n  i n  ’ c o n f i d e n c e  l e v e l ’ , 
liie  n o t e d  t h a t  t h i s  g e n e r a l l y  h ap p en e d  t o w a r d s  t h e  end o f  
t h e  s e q u e n c e  a t ,  p e r h a p s ,  s t a t e m e n t  7 o r  8 ,  At  t h i s  s t a g e ,  
t h e  s t a t e m e n t s  t e n d  t o  be more s p e c i f i c  and t h e  s u b j e c t  
may w e l l  r e a l i s e  t h a t  h i s  s u g g e s t e d  c o n c e p t  i s  w r o n g ,  and 
l i t e r a l l y  s t a r t  a g a i n ,  g r e a t l y  a s s i s t e d  now, o f  c o u r s e ,  by 
h a v i n g  7 o r  8 s t a t e m e n t s  t o  w o rk  w i t h .
S u b j e c t  = H - G r a d e  p u p i l  Q u a n t i t y X = ’ k i n e t i c  e n e r q y '
Paoe Q u a n t i t y  X C p n f i d e n c e  l e v e l
1 v e l u m e ,  d e n s i t y ,  a c c e l e r a t i o n ,  
v e l o c i t y ,  f o r c e ,  k i n e t i c  e n e r g y
2
2 k i n e t i c  e n e r g y ,  v e l o c i t y ,  
a c c e l e r a t i o n ,  d e n s i t y ,  v o l u m e ,  
f o r c e
2
3 v o l u m e ,  d e n s i t y ,  m om en tum ,  
v e l o c i t y
2




8 k i n e t i c  e n e r g y 4
9 k i n e t i c  e n e r g y 5
q . . h - i p r t  = R-S r . .  s t u d e n t  Q u a n t i t y X = ’ k i n e t i c  e n e r q y
Paqe Q u a n t i t y  X C o n f i d e n c e  l e v e l
1 a c c e l e r a t i o n 2





7 k i n e t i c  e n e r g y 5
8 k i n e t i c  e n e r g y 5
9 k i n e t i c  e n e r g y 5
C o n c l u s i o n s  f r o m  P a r t  1 o f  t h e  m a t e r i a l
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1# T a k i n g  t h e  num be r  o f  ’ v a l i d ’ c o n c e p t s  s u g g e s t e d  a t
s t a t e m e n t  1 as a c r i t e r i o n  o f  c o n c e p t u a l  u n d e r s t a n d i n g ,  
t h e  t e a c h e r s  and t h e  B . S c .  s t u d e n t s  w e re  s i g n i f i c a n t l y  
b e t t e r  t h a n  t h e  o t h e r  g r o u p s .
2 .  T h e  t e a c h e r s  and t h e  B# S c . s t u d e n t s  a l s o  i d e n t i f i e d  t h e  
’ t a r g e t ’ c o n c e p t  i n  s i g n i f i c a n t l y  f e w e r  s t a t e m e n t s
3 .  The  0 —G ra d e  p u p i l s  r e q u i r e d ,  on a v e r a g e ,  m o re  s t a t e m e n t s  
b e f o r e  t h e y  c o u l d  c o n f i d e n t l y  i d e n t i f y  t h e  ’ t a r g e t ’ c o n c e p t
4 .  T h e  s t u d e n t  t e a c h e r s  w e re  no b e t t e r  t h a n  t h e  0 - G r a d e  p u p i l s
5 .  The  i n t e r p r e t a t i o n  o f  i n f o r m a t i o n  p r e s e n t e d  g r a p h i c a l l y  
i s  l i k e l y  t o  p r o v e  d i f f i c u l t  t o  t h e  m a j o r i t y  o f  p u p i l s
B.  The  t e r m  ’ w e i g h t ’ i s  n o t  used  by p u p i l s  i n  t h e  same way 
t h e y  use  s u c h  t e r m s  as ’ f o r c e ’ o r  ’ mom en tum ’
On p a g e  11 o f  t h e  t e s t  b o o k l e t ,  t h e  p u p i l / s t u d e n t  was g i v e n  
a c o m p l e t e  l i s t  o f  n i n e  s t a t e m e n t s  f o r  a n o t h e r  c o n c e p t  and 
was a s k e d  t o  t i c k  a box  t o  i n d i c a t e  t h e  s t a t e m e n t  by w h i c h  
he  i d e n t i f i e d  t h e  ’ t a r g e t *  c o n c e p t .
T h i s  p a r t  o f  t h e  t e s t  was f r e q u e n t l y  m i s u n d e r s t o o d .
T he  p u p i l s ,  i n  some c a s e s ,  d i d  n o t  r e a l i s e  t h a t  t h e  l i s t  
o f  s t a t e m e n t s  on page  11 r e f e r r e d  t o  a d i f f e r e n t  c o n c e p t  
and  g a v e  t h e i r  a n s w e r  f o r  t h e  p r e v i o u s  c o n c e p t .  O t h e r  
p u p i l s  t i c k e d  s e v e r a l  b o x e s ,  p r e s u m a b l y  i n d i c a t i n g  a l l  
t h e  s t a t e m e n t s  t h e y  w o u l d . u s e  t o  i d e n t i f y  t h e  c o n c e p t .
S t i l l  o t h e r  p u p i l s  c o r r e c t l y  i d e n t i f i e d  t h e  c o n c e p t  
b u t  f a i l e d  t o  t i c k  any  b o x .
T a b l e  33 s h o w s ,  f o r  e ach  g r o u p ,  t h e  a v e r a g e  num be r  o f  
s t a t e m e n t s  r e q u i r e d  t o  i d e n t i f y  t h e  c o n c e p t .  The  
r e l i a b i l i t y  o f  t h e s e  f i g u r e s  i s  d o u b t f u l ,  b u t  t h e  t r e n d  
seems t o  be t h a t  t h e  0 - G r a d e  p u p i l s  g e n e r a l l y  r e q u i r e  more  
s t a t e m e n t s  t o  i d e n t i f y  t h e  c o n c e p t  t h a n  do t h e  o t h e r  g r o u p s .
(An e n t r y  o f  * * *  i n d i c a t e s  f a i l u r e  t o  i d e n t i f y  ’ t a r g e t ’ 
c o n c e p t . )
T a b l e  33 -  R e s u l t s  f o r  page 11 o f  P a r t  1
C o n c e p t
G ro u p
Momentum •
U
J• e . E . W e i g h t F o r c e I m p u l s e
□ - G r a d e  p u p i l s 6 . 6
CM•r- 6 . 7 6 . 5 6 . 9 X X X
H - G r a d e  p u p i l s 5 . 8 5 . 3 5 . 8 6 . 3 6 . 5 6 . 3
HND s t u d e n t s 3 . 6 5 . 8 5 . 5 6 . 5 A . 3 6 . 5
B . S c .  s t u d e n t s 5 . 1 6 . A 5 . 5 7 . 0 A . 0 6 . 5
S t u d e n t  t e a c h e r s 9 . 0 A . 2 8 . 5 A . 5 x x x X X X
T e a c h e r s 9 . 0 A .  0 5 . 0 6 . 5 CD • O A . 6
Mean v a l u e 5 . 8 6 . 0 6 . 1 6 . 1 6 . 0 6 . 1
T he  r e s u l t s  o b t a i n e d  f r o m  P a r t  2 o f  t h e  t e s t  m a t e r i a l  
The  r e s u l t s  f r o m  p a r t  2 a r e  s u m m a r i s e d  i n  T a b l e s  3 A - 3 8 .
T a b l e  34 show s  t h e  r e s u l t s  f o r  t h e  c o n c e p t  o f  ! momentum1 . 
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The most  i m p o r t a n t ’ boxes were box 16 and box 1 8 .  Box 16 
c o n t a i n e d  t h e  d e f i n i n g  e q u a t i o n  ” p = my” and box 18 
c o n t a i n e d  t h e  s t a t e m e n t  ’’Conserved i n  ALL c o l l i s i o n s ” .
The  0 —Grade  p u p i l s  t h o u g h t  t h a t  box 18 was,  p e r h a p s ,  
more i m p o r t a n t ,  w h i l e  t h e  HMD s t u d e n t s  o p t e d  f o r  box 16 
as more i m p o r t a n t .  The r e  was no d i s p u t e ,  however ,  
t h a t  t h e s e  two f a c t s  about  ’ momentum’ were more i m p o r t a n t  
t h a n  any o t h e r  f a c t s .
I f  t h e  c r i t e r i o n  o f  success  i s  t o  i n c l u d e  a l l  t h e  ’ t a r g e t ’ 
b o x e s ,  t h e n  t h e  t e a c h e r s  were most s u c c e s s f u l ,  and t h e  
s t u d e n t  t e a c h e r s  and t h e  0 - G r a d e  p u p i l s  were l e a s t  
s u c c e s s f u l .  I n  p a r t i c u l a r , ' t h e  0 - G r a d e  p u p i l s  f a i l e d  
t o  i n c l u d e  box 1,  box 21 and box 2 4 .
T a b l e  34 a l s o  g i v e s  summary r e s u l t s  f o r  t h e  t h r e e  most  
f r e q u e n t l y  chosen boxes ,  o t h e r  t h a n  t h e  ’ t a r g e t ’ b o x e s .  
Th es e  boxes were p a r t i c u l a r l y  p o p u l a r  w i t h  t h e  0 - G r a d e  
and H - G r a de  p u p i l s .  Two o f  t h e  boxes ( 1 4  and 5)  r e f e r  
t o  c o l l i s i o n s ,  w h i l e  box 13 r e f e r s  t o  ’ k i n e t i c  e n e r g y ’ .
The most  l i k e l y  e x p l a n a t i o n  f o r  box 13 b e i n g  so p o p u l a r  
woul d  be t h a t  t h e  s i m i l a r  d i a g r ams  i n  boxes 13 and 22 
e n c o u r a g e d  p u p i l s  t o  i n c l u d e  both  boxes .
T a b l e  35 shows t h e  r e s u l t s  f o r  t h e  c on c e p t  o f  ’ k i n e t i c  
e n e r g y ’ • The r e l e v a n t  boxes on t h e  c h a r t  a r e  shown 

















































































































































































The 1m o s t  i m p o r t a n t 1 b ox  f o r  Tk i n e t i c  e n e r g y 1 was box  2,  
w h i c h  c o n t a i n e d  t h e  d e f i n i n g  e q u a t i o n " E k = ^-mv2 " ,  Box 9,  
w h i c h  c o n t a i n e d  t h e  s t a t e m e n t  " M e a s u r e d  i n j ' w a s  a l s o  
c o n s i d e r e d  i m p o r t a n t  by a l l  g r o u p s ,  b u t  t h e  B . S c .  
s t u d e n t s  and t h e  t e a c h e r s  t h o u g h t  box 5 ,  w h i c h  c o n t a i n e d  
t h e  s t a t e m e n t  " C o n s e r v e d  ONLY i n  e l a s t i c  c o l l i s i o n s "  
and b ox  1 3 ,  w h i c h  i n d i c a t e d  by a d i a g r a m  t h a t  " w o r k  
d o n e  = c h a n g e  i n  k i n e t i c  e n e r g y "  we re  p o s s i b l y  more  
i m p o r t a n t  t h a n  box  9 .
I n  t e r m s  o f  i n c l u d i n g  a l l  t h e  t a r g e t 1 b o x e s ,  t h e  
t e a c h e r s  w e r e  m o s t  s u c c e s s f u l ,  b u t  t h e  B . S c .  s t u d e n t s  
w e r e  n o t  f a r  b e h i n d .  The s t u d e n t  t e a c h e r s  and t h e
0 - G r a d e '  p u p i l s  w e re  l e a s t  s u c c e s s f u l .  I n  p a r t i c u l a r  
t h e  0 - G r a d e  p u p i l s  f a i l e d  t o  i n c l u d e  box  2 3 .
A p a r t  f r o m  t h e  Tt a r g e t f b o x e s ,  t h e  m os t  p o p u l a r  c h o i c e  
o f  b o x  w a s ,  r a t h e r  s u r p r i s i n g l y ,  box  8 .  M ore  0 - G r a d e  
p u p i l s  c h o s e  box  8 t h a n  c h o s e  box  2 3 .  ( T h i s  i s  more  
e v i d e n c e  t h a t  p u p i l s  f i n d  d i f f i c u l t y  w i t h  t h e  
i n t e r p r e t a t i o n  o f  s k e t c h  g r a p h s ) #
T a b l e  36 show s  t h e  r e s u l t s  f o r  t h e  - c o n c e p t  o f  V p o t e n t i a l  
e n e r o v T• The r e l e v a n t  b o x e s  on t h e  c h a r t  a r e  shown i n  
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F i g u r e  10 -  R e le v a n t  boxes on c h a r t  f o r  ’ p o t e n t i a l  e n e r g y 1
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T h e  ’ m o s t  i m p o r t a n t ’ b o x e s  f o r  ’ p o t e n t i a l  e n e r g y ’ w e re  
b o x  1 0 ,  w h i c h  c o n t a i n e d  t h e  d e f i n i n g  e q u a t i o n  ” E = mgh” 
and  b ox  1 7 ,  w h i c h  i n d i c a t e d  by a d i a g r a m  how t h e  
c h a n g e  i n  p o t e n t i a l  e n e r g y  was c a l c u l a t e d .
I n  t e r m s  o f  i n c l u d i n g  a l l  t h e  ’ t a r g e t ’ b o x e s ,  a l l  t h e  
g r o u p s  w e r e  s u c c e s s f u l .  Box 7 seemed t o  be t h e  o n l y  
’ t a r g e t ’ box  w h i c h  was n o t  i n c l u d e d  by t h e  m a j o r i t y  o f  
p u p i l s .  0 - G r a d e  p u p i l s  may n o t  know t h e  t e r m  ’ s c a l a r  
q u a n t i t y ’ •
Box  4 ,  w h i c h  d i d  n o t  a p p l y  t o  any c o n c e p t ,  was i n c l u d e d  
by a b o u t  2 0 %  o f  H - G r a d e  p u p i l s  and 25% o f  B . S c .  s t u d e n t s .  
Uie c a n  o n l y  assume t h e y  w e re  m a k in g  t h e  same m i s t a k e  as 
o u r s e l v e s .
T a b l e  37 show s  t h e  r e s u l t s  f o r  t h e  c o n c e p t  o f  ’ f o r c e ’ .




















































































































































The  ’ m o s t  i m p o r t a n t ’ b o x e s  f o r  ’ f o r c e ’ w e re  box  6,  
w h i c h  c o n t a i n e d  t h e  d e f i n i n g  e q u a t i o n  ” F = m a" ,  and 
b o x  3 w h i c h  c o n t a i n e d  t h e  s t a t e m e n t  ’’ M e a s u r e d  i n  N” . 
Th e  B . S c .  s t u d e n t s  and t h e  t e a c h e r s ,  h o w e v e r ,  w e re  
o f t h e  o p i n i o n  t h a t  box  12 ,  w h i c h  c o n t a i n e d  an 
a l t e r n a t i v e  f o r m  o f  t h e  d e f i n i n g  e q u a t i o n  ” F = d ( m v ) ”  
was m o re  i m p o r t a n t  t h a n  box  3 .  They  a l s o  t h o u g h ? * '  
t h a t  b o x  21 and box  24 were  j u s t  as i m p o r t  a n t  as b o x  3 .
B o x e s  11 and 15 w e re  c h o s e n  w i t h  e q u a l  f r e q u e n c y .
I n  t e r m s  o f  i n c l u d i n g  a l l  t h e  ’ t a r g e t ’ b o x e s ,  t h e  
t e a c h e r s  had a s l i g h t  edge on t h e  B , S c .  s t u d e n t s .
The  0 - G r a d e  p u p i l s  w e re  l e a s t  s u c c e s s f u l .
A p a r t  f r o m  t h e  ’ t a r g e t ’ b o x e s ,  t h e  m o s t  p o p u l a r  
c h o i c e  o f  b ox  w as ,  v e r y  s u r p r i s i n g l y ,  b ox  7 ,  w h i c h  
c o n t a i n e d  t h e  s t a t e m e n t  "A  s c a l a r  q u a n t i t y ” . F lore 
s t u d e n t  t e a c h e r s  t h o u g h t  box  7 a p p l i e d  t o  ’ f o r c e ’ 
t h a n  t h o u g h t  box  7 a p p l i e d  t o  ’ p o t e n t i a l  e n e r g y ’ 
o r  T k i  npf. i r. e n e r g y ’ . T h e r e  i s  some c o n f i r m i n g  
e v i d e n c e  h e r e  t h a t  0 - d r a d e  p u p i l s ' m a y  n o t  know w h a t  
t h e  t e r m  ’ s c a l a r  q u a n t i t y 1 means .
T a b l e  38 shows  t h e  r e s u l t s  f o r  t h e  c o n c e p t  o f  ’ i m p u l s e ’ . 





























































































































The  ’ m o s t  i m p o r t a n t 1 b o x e s  f o r  i m p u l s e 1 was box  2 2 ,  
w h i c h  sh o w s  by a d i a g r a m  t h a t  Mi m p u l s e  = c h a n g e  i n  m om en tum " ,  
b o x  1,  w h i c h  showed by a s hade d  a r e a  on a f o r c e —t i m e  g r a p h  
t h a t  ’’ i m p u l s e  = f o r c e  x t i m e ” , and box  2 0 ,  w h i c h  c o n t a i n e d  
t h e  s t a t e m e n t  " M e a s u r e d  i n  Ns”  B oxes  22 and 1 w e re  c h o s e n  
w i t h  e q u a l  f r e q u e n c y .  I n  t e r m s  o f  i n c l u d i n g  a l l  t h e  
’ t a r g e t ’ b o x e s ,  no g r o u p  w e re  v e r y  s u c c e s s f u l .  The 
t e a c h e r s  w e r e  p r o b a b l y  m os t  s u c c e s s f u l ,  b u t ,  on t h i s  
o c c a s i o n ,  t h e  H - G r a d e  p u p i l s  w e re  s l i g h t l y  b e t t e r  t h a n  
t h e  B , S c ,  s t u d e n t s .  The  0 - G r a d e  p u p i l s ,  o f  c o u r s e ,  
w e r e  t o l d  t o  o m i t  t h i s  s e c t i o n ,  s i n c e  t h e y  w o u l d  n o t  
k n o w  a b o u t  ’ i m p u l s e ’ . The s t u d e n t  t e a c h e r s  s h o u l d  
p r o b a b l y  h a v e  been  g i v e n  t h e  same i n s t r u c t i o n .
A p a r t  f r o m  t h e  ’ t a r g e t ’ b o x e s ,  t h e r e  was a f a i r  n um ber  
o f  H - G r a d e  p u p i l s  o p t i n g  f o r  box  1 3 ,  w h i c h  c o n t a i n e d  
t h e  same d i a g r a m  as b ox  2 2 ,  b ox  7 ,  w h i c h  c o n t a i n e d  
t h e  s t a t e m e n t  ’’ A s c a l a r  q u a n t i t y ”  and box  8 w h i c h  
s how ed  a s t r a i g h t - l i n e  g r a p h .  Box 1 4 ,  w h i c h  c o n t a i n e d  
t h e  s t a t e m e n t  ’’ I n c r e a s e d  i n  an e x p l o s i v e  c o l l i s i o n ”  
was a l s o  p o p u l a r .  T h i s  s p r e a d  o f  c h o i c e  w o u l d  i n d i c a t e  
t h a t  ’’ i m p u l s e ”  i s  n o t  f u l l y  u n d e r s t o o d  by H - G r a d e  p u p i l s .
The  r e c o r d  s h e e t  on w h i c h  t h e  p u p i l s  n o t e d  t h e  n u m b e rs  
o f  t h e  c h o s e n  b o x e s  f o r  each  c o n c e p t ,  had 12 b l a n k s  
f o r  e a c h  c o n c e p t ,  (liie  had c a l c u l a t e d  t h a t  no more  
t h a n  10 w o u l d  be n e e d e d . )  I f  we c o u n t  t h e  num be r  o f  
b o x e s  f i l l e d  on t h i s  r e c o r d  s h e e t  and ,  s e p a r a t e l y ,  
c o u n t  t h e  num be r  o f  ’ v a l i d ’ c h o i c e s ,  we can  g e t  a 
m e a s u r e  o f  how o f t e n  a ’ v a l i d ’ c h o i c e  was made.
T h i s  i s  shown i n  T a b l e s  3 9 —4 3 . F o r  each  c o n c e p t ,  
we h a v e  l i s t e d :
(A )  — The a c t u a l  n u m b e rs  who f i l l e d  i n  1 o r  2 o r  • • • •
b o x e s  on t h e i r  r e c o r d  s h e e t s
(B )  -  T h e  a c t u a l  n u m b e rs  who i n c l u d e d  1 o r  2 o r  .............
o f  t h e  ’ t a r g e t ’ b o x e s
( c )  -  T h e  p e r c e n t a g e  o f  t h e  g r o u p  who i n c l u d e d  1 o r  2
o r ..............  o f  t h e  ’ t a r g e t ’ b o x e s .
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L i n e  (C) f o r  e ach  g r o u p  g i v e s  a m e a s u r e  o f  t h e  o v e r a l l  
l e v e l  o f  p e r f o r m a n c e  o f  t h a t  p a r t i c u l a r  g r o u p ,  and 
ue ca n  t h e r e f o r e  c o m p a r e  t h e  r e l a t i v e  p e r f o r m a n c e  o f  
t h e  d i f f e r e n t  g r o u p s  by l o o k i n g  a t  t h e  e n t r i e s  i n  
l i n e  ( C ) .  I n  T a b l e  3 9 , f o r  e x a m p l e ,  ue can  see  t h a t  
83/o o f  t h e  H—G ra d e  g r o u p  i n c l u d e d  3 o f  t h e  ’ t a r g e t ’ 
b o x e s ,  c o m p a r e d  u i t h  4 3 %  o f  t h e  0 —G ra d e  g r o u p  and 
9 1 %  o f  t h e  B . S c .  g r o u p .  Ue a l s o  n o t e ,  f r o m  T a b l e  3 9 . 
t h a t  t h e  H - G r a d e  g r o u p  p e r f o r m s  c o n s i s t e n t l y  b e t t e r  
t h a n  t h e  0 —G ra d e  g r o u p ,  b u t  g e n e r a l l y  n o t  so u e l l  as 
t h e  B . S c .  g r o u p .
>U
F o r  ea ch  c o n c e p t ,  ue h a v e  d r a u n ,  i n  F i g u r e s  1 3 - 1 7 . 
a s e r i e s  o f  b a r  c h a r t s ,  b a s e d  on t h e  e n t r i e s  i n  each  
l i n e  (C )  o f  T a b l e s  3 9 - 4 3 . t o  make t h e  c o m p a r i s o n  
b e t u e e n  t h e  g r o u p s  s o m e u h a t  e a s i e r .  The  p a t t e r n  
u h i c h  e m e rg e s  i s  r e m a r k a b l y  s i m i l a r  f o r  a l l  f i v e  
c o n c e p t s .
T he  s i x  d i f f e r e n t  g r o u p s  o f  s u b j e c t s ,  i n  t e r m s  o f  
l e v e l  o f  o v e r a l l  p e r f o r m a n c e ,  ca n  be d i v i d e d  i n t o  
t h r e e  p a i r s .
( i )  A s t u d e n t  t e a c h e r  i s  on a p a r  u i t h  an 0 - G r a d e  p u p i l
( i i )  An HND s t u d e n t  i s  on a p a r  u i t h  an H - G r a d e  p u p i l
( i i i )  A B . S c .  s t u d e n t  i s  on a p a r  u i t h  a t e a c h e r
T h e r e  i s  a c l e a r  i m p r o v e m e n t  i n  l e v e l  o f  o v e r a l l  
p e r f o r m a n c e  as ue move f r o m  t h e  0 —G ra d e  p u p i l  t o  t h e  
H—G ra d e  p u p i l  t o  t h e  B . S c .  s t u d e n t .
We m i g h t  h a v e  a n t i c i p a t e d  t h a t  a B . S c .  s t u d e n t  u o u l d  
p e r f o r m  b e t t e r  t h a n  an H—G ra d e  p u p i l  o r  t h a t  an 
HI\ID s t u d e n t  u o u l d  p e r f o r m  b e t t e r  t h a n  an 0 - G r a d e  
p u p i l .  We c o u l d  h a r d l y  h a v e  a n t i c i p a t e d  t h a t  an 
HND s t u d e n t  u o u l d  be no b e t t e r  t h a n  an H - G r a d e  p u p i l ,  
o r  t h a t  a s t u d e n t  t e a c h e r  u o u l d  be no b e t t e r  t h a n  an 
0 - G r a d e  p u p i l .
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Ue c o u l d  i n c l u d e  i n  t h e  c h a r t  f o r  P a r t  2 o n l y  a s e l e c t i o n  
o f  a l l  t h e  p o s s i b l e  i n s t a n c e s  and n o n - i n s t a n c e s  o f  each  
c o n c e p t .  The  f a c t  t h a t  ue o b t a i n  t h e  same p a t t e r n  o f  
r e s u l t s  f o r  ea ch  s e p a r a t e  c o n c e p t  i n d i c a t e s  t h a t
( i )  e v e n  a s m a l l  num be r  o f  i n s t a n c e s  ca n  p r o v i d e  
a r e l i a b l e  i n d i c a t i o n  o f  t h e  l e v e l  o f  c o n c e p t  
u n d e r s t a n d i n g ,
( i i )  t h e  t e c h n i q u e  i s  e q u a l l y  a p p l i c a b l e  t o  a num be r  
o f  d i f f e r e n t  c o n c e p t s .
( i i i )  t h e  c o n c e p t s  b e i n g  t e s t e d  may h a v e  some common 
p a t t e r n  o f  d e v e l o p m e n t .
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Table 39 - Analysis of response Bheet for 'momentum*
Number of ’valid’ boxes = 9
NUMBER OF BOXES 0 1 2 3 4 5 6 " 7 8 9 10 11 12 Av. %
(A) 2 7 13 26 20 20 6 7 4 4.9
0-Grade
pupils (B) 4 24 32 22 19 3 1 2.4 49
(N=105)
(C) 96 73 43 22 4 1
(A) 1 4 23 30 25 36 15 16 16 3 3 5.7
H-Grade
pupils (B) 9 20 42 31 34 13 14 3 6 4.2 74
(N=172)
(C) 100 95 83 59 41 21 13 5 3
(A) 4 8 7 9 3 3 2 1 2 5.9
HND
students (B) 1 6 10 11 7 1 1 2 3.9 66
(N=39)
(C) 100 97 82 56 28 10 8 5
(A) 1 4 3 2 6 13 4 1 6.0
B.Sc.
students (B) 1 2 4 2 2 14 8 1 5.4 90
(N=34)
(C) 100 97 91 79 74 68 26 3
(A) 2 2 2 2 4 1 3 1 1 1 4.1
Student
teachers (B) 4 4 3 1 3 3 1 2.4 59
(N=19)
(C) 79 58 42 37 21 5
(A) 2 1 2 3 1 1 7.4
Teachers
(N = ll) (B) 1 2 2 3 2 1 6.6 89
(c) 100 100 100 100 91 73 54 27 9
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Table 40 - Analysis of response sheet for 'kinetic energy1
Number of ’valid' boxes = 9
NUMBER OF BOXES 0 1 2 3 4 5 6 7 8 9 10 11 12 Av. %
(A) 6 14 25 25 13 14 4 3 1 5.0
0-Grade
pupils (B) 3 11 14 34 20 15 7 1 4.3 86
(N=105)
(C) 100 97 87 75 41 22 8 1
(A) 1 2 17 19 32 38 36 18 4 4 1 6.8
H-Grade
pupils (B) 1 1 14 26 42 34 31 14 6.3 93
(N=172)
(C) 100 100 99 94 85 70 46 26 8
(A) 3 4 9 8 9 5 1 6.9
HND
students (B) 2 4 9 5 13 5 1 6.1 88
(N=39)
(C) 100 100 100 95 85 62 49 15 3
(A) 1 2 1 2 7 7 11 3 .7 .7
B.Sc.
students (B) 1 1 1
2 2 7 8 12 7.4 96
(N=34) (C) 100 100 97 94 91 85 79 59 35
(A) 2 1 2 1 3 5 3 2 4.7
Student




89 84 74 68 53 37 11
1
5
6 4 8 .3
Teachers
(N = ll) (B) 1 1 6 3 8.0 96
(C) 100 100 100 100 100 100 91 82 27
Figure 15 - Data from Table 40
CONCEPT : KINETIC ENERGY
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NUMBER OF 'VALID’ BOXES « 9
0-GRADE
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Table 41 - Analysis of response sheet -for ’potential energy’
Number of ’ v a lid ' boxes = 5
NUMBER OF BOXES 0 1 2 3 4 5 6 7 8 9 10 11 12 Av. %
(A) 1 2 7 22 34 24 10 3 2 4.1
0-Grade
pupils (B) 4 3 19 29 39 11 3.2 78
(N=105)
(C) 96 93 75 48 10
(A) 2 2 2 20 53 56 29 7 1 4.6
H-Grade
pupils (B) 2 5 5 36 63 61 4.0 87
<N=172)
(C) 99 96 93 72 35
(A) 1 10 17 10 1 5.0
HND
students (B) 1 3 19 16 4.3 86
(N-39)
(C) 100 100 97 90 41
(A) 1 2 6 17 5 2 1 5.1
B.Sc.
students (B)
1 4 12 17 4.3 84
(N=34) (C) 100 100 97 85 50
(A) 3 2 2 6 5 1 3.6
Student
















Figure 16 - Data from Table 41
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Table 42 - Analysis of response sheet for ’force*
Number of 'v a lid ' boxes — 10
NUMBER OF BOXES 0 1 2 3 4 5 6 7 8 9 10 11 12 Av. %
(A) 2 3 11 21 17 18 13 12 3 4 1 5.6
0-Grade
pupils (B) 2 11 16 16 26 18 15 1 4.8 86
(N=105)
(C) 100 98 88 72 57 32 15 1
(A) 3 2 11 28 24 25 34 23 11 7 1 3 6.2
H-Grade
pupils (B) 3 8 18 30 34 19 34 12 9 5 5.5 89
(N=172)
(C) 98 98 94 83 66 46 35 15 8 3
(A) 3 4 6 7 8 3 3 3 1 1 6.6
HND
students (B) 1 3 5 6 7 8 3 3 3 6.2 94
(N=39)
(C) 100 100 97 90 77 61 46 23 15 8
(A) 1 2 3 5 4 8 5 5 1 8.1
B.Sc.
students (B) 1 1 2 3 5 1 7 12 2 7.3 90
(N=34)
(C) 97 97 97 94 88 74 59 56 41 6
(A) 1 3 1 5 2 3 2 1 1 5.7
Student -
teachers (B) 1 3 1 2 4 4 2 2 5.1 89
(N=19)
(C) 100 95 79 74 63 42 21 10 10 10
(A) 1 2 1 3 1 3 9.2
Teachers
(N = ll) (B) 1 2 3 2 3 8.4 91
<C) 100 100 100 100 100 100 91 73 45 6
Figure 17 : Data from Table 42









































Table 43 - Analysis of response sheet for 1 impulse*
Number of 'va lid * boxes = 7
NUMBER OF BOXES 0 1 2 3 4 5 6 7 8 9 10 11 12 Av. %
(A) 5 2 7 31 40 32 28 13 8 5 1 4.7
H-Grade
pupils (B) 6 8 30 43 49 25 11 3.4 72
(N=172)
(C) 96 92 74 49 21 6
(A) 3 1 6 10 12 5 1 4.3
HND
students (B) 4 6 7 9 10 2 1 2.6 60
(N=39)
(C) 90 74 56 33 8 3
(A) 1 1 1 4 12 4 7 3 1 4.5
B.Sc.
students (B) 1 1 2 14 8 2 6 3.7 82
(N=34) -
(C) 97 94 88 47 24 18
(A) 7 3 3 4 1 1 1.7
Student
teachers (B) 9 4 1 3 1 1 1.3 76
<N=19)
(C) 53 32 26 11 5
(A) 1 1 2 2 2 2 1 5.0
Teachers
(N = ll) (B) 1 1 2 5 1 1 4.5 90
(C) 91 91 91 82 64 18 9
Figure 18 - Data from Table 43
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C o n c l u s i o n s  f r o m  P a r t  2 o f  t h e  m a t e r i a l
( i )  The d e f i n i n g  e q u a t i o n s  f o r  t h e  c o n c e p t s  ( e . g .  p = mu,
Ek = -jmv , Ep = mgh) a re  c o r r e c t l y  i d e n t i f i e d  by 
a l m o s t  a l l  p u p i l s .
( i i )  The  u n i t s  f o r  t h e  c o n c e p t s  ( e . g .  J ,  N, Ns) a r e
c o r r e c t l y  i d e n t i f i e d  by a l m o s t  a l l  p u p i l s .  (Some 
p u p i l s  even  commented on t h e  a b s e n c e  o f  kg  m s"” ^ 
f o r  ’ momentum1)
( i i i ) The  t e r m  ’ s c a l a r  q u a n t i t y ’ i s  n o t  u n d e r s t o o d  by 
many 0 - G r a d e  p u p i l s ,  and p o s s i b l y  n o t  by many 
H - G r a d e  p u p i l s  e i t h e r ,
( i v )  The  t e r m s  ’ c o n s e r v e d ’ a n d / o r  ’ c o l l i s i o n ’ a r e  l i k e l y  
t o  t r i g g e r  t h e  r e s p o n s e  ’ momentum’ . e v e n  w h e r e  
t h i s  i s  i n a p p r o p r i a t e ,  as i n  b o x e s  5 ,  14 o r  2 5 .
( v )  I n f o r m a t i o n  c o n v e y e d  i n  a d i a g r a m  i s  p r o b a b l y  n o t  
b e i n g  f u l l y  p r o c e s s e d  by t h e  p u p i l .  F o r  e x a m p l e ,  
box  13 and box  22 were  g e n e r a l l y  b o t h  i n c l u d e d ,  
b e c a u s e  t h e y  had v e r y  s i m i l a r  d i a g r a m s ,  y e t  t h e y  
r e f e r r e d  t o  q u i t e  d i f f e r e n t  c o n c e p t s .  Box 2 1 ,  
w h i c h  showed a v e c t o r  q u a n t i t y  b e i n g  r e s o l v e d  i n t o  
c o m p o n e n t s ,  was s e ld o m  c h o s e n  e x c e p t  f o r  ’ f o r c e ’ . 
y e t  i t  a p p l i e d  e q u a l l y  t o  ’ momenturn’ and ’ i m p u l s e ’ .
( v i )  I n f o r m a t i o n  c o n v e y e d  i n  a g r a p h i c a l  f o r m  w i l l  be
f o u n d  d i f f i c u l t  t o  i n t e r p r e t  by many p u p i l s .  F o r  
e x a m p l e ,  b o x e s  1,  8 and 23 were  o f t e n  c o n n e c t e d  t o  
t h e  w ro n g  c o n c e p t .  (The  same p r o b l e m  a r o s e  i n  
P a r t  l ) .
( v i i )  The p u p i l ’ s o p i n i o n  o f  w h a t  i s  t h e  m o s t  i m p o r t a n t
f e a t u r e  o f  a g i v e n  c o n c e p t  i s  l i k e l y  t o  a l t e r  as t h e
l e v e l  o f  c o n c e p t  u n d e r s t a n d i n g  i n c r e a s e s .  T h u s  t h e
0 - G r a d e  p u p i l  w i l l  g e n e r a l l y  p i c k  t h e  m o s t  b a s i c
d e f i n i n g  e q u a t i o n .  The B . S c .  s t u d e n t  o r  t h e
t e a c h e r ,  on t h e  o t h e r  h an d ,  w i l l  c h o o s e  a more
/ c  d ( m v ) \
g e n e r a l  d e f i n i n g  e q u a t i o n  ( e . g .  F -  ^  j o r  some
o t h e r  g e n e r a l  p r o p e r t y  o f  t h e  c o n c e p t .  The  u n i t ,
a t  t h i s  s t a g e ,  i s  r e l a t i v e l y  u n i m p o r t a n t .
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( v i i i )  T he  t e a c h e r s  a r e  most  l i k e l y  t o  i n c l u d e  a l l  t h e
t a r g e t *  c o n c e p t s  i n  t h e i r  c h o i c e ,  w h i l e  t h e  0 - G r a d e  
p u p i l s  ( o r  t h e  s t u d e n t  t e a c h e r s )  a r e  l e a s t  l i k e l y  
t o  i n c l u d e  a l l  o f  t h e m .  The B . S c .  s t u d e n t s  a r e  
g e n e r a l l y  a b o u t  t h e  same l e v e l  o f  p e r f o r m a n c e  as 
t h e  t e a c h e r s .  The HI\1D s t u d e n t s  p e r f o r m  as w e l l  
as t h e  H—G ra d e  p u p i l s ,  d i s t i n c t l y  p o o r e r  i n  o v e r a l l  
p e r f o r m a n c e  t h a n  t h e  t e a c h e r s  o r  B . S c .  s t u d e n t s ,  
b u t  d i s t i n c t l y  b e t t e r  t h a n  t h e  0 —G ra d e  p u p i l s  o r  
s t u d e n t  t e a c h e r s .
P o s s i b l e  r e v i s i o n s  o f  P a r t  2 o f  t h e  m a t e r i a l
I n  c h a p t e r  5 ,  we d i s c u s s e d  t h e  p r a c t i c a l  and t h e o r e t i c a l  
r e q u i r e m e n t s  o f  a d i a g n o s t i c  t e s t  o f  c o n c e p t u a l  u n d e r ­
s t a n d i n g  w h i c h  c o u l d  be used  by a t e a c h e r  i n  t h e  c l a s s r o o m  
s i t u a t i o n .  I t  seemed t o  us t h a t  P a r t  2 o f  t h e  t e s t  
m a t e r i a l  o f f e r e d  t h e  g r e a t e s t  p o t e n t i a l  f o r  use  as a 
d i a g n o s t i c  t e s t .  I t  was o f  a f o r m a t  s u i t a b l e  f o r  
g r o u p  t e s t i n g ,  was e a s i l y  a d m i n i s t e r e d ,  t o o k  l i t t l e  
t i m e  t o  c o m p l e t e  and p r o d u c e d  r e s u l t s  w h i c h  t h e  t e a c h e r  
c o u l d  i n t e r p r e t  r e l a t i v e l y  e a s i l y .  H o s t  i m p o r t a n t l y ,  
i t  had  ’ c o n t e n t  v a l i d i t y * ,  j u d g i n g  f r o m  t h e  f a v o u r a b l e  
c o m m e n ts  o f  t h e  t e a c h e r s  who had w o rk e d  t h r o u g h  t h e  
m a t e r i a l .  (One o f  them even  s u g g e s t e d  t h a t  a l l  
p r o s p e c t i v e  t e a c h e r s  o f  p h y s i c s  s h o u l d  be r e q u i r e d  
t o  s i t  s u c h  a t e s t ) .
The  f o r m a t  o f  P a r t  2 seemed q u i t e  s u i t a b l e  f o r  a 
d i a g n o s t i c  t e s t ,  b u t  we t h o u g h t  we c o u l d  i m p r o v e  t h e  
m a t e r i a l  by m a k in g  some r e l a t i v e l y  m i n o r  c h a n g e s  i n  t h e  
c o n t e n t s  o f  some o f  t h e  b o x e s  on t h e  c h a r t .
( a )  The  o b v i o u s  e r r o r  i n  t h e  g r a p h  shown i n  b ox  4 
s h o u l d  be c o r r e c t e d .
F o r  a  f a l l i n g  b o d y
The  p h r a s e  " F o r  a f a l l i n g  b o d y "  may h e l p  t o  r e l a t e  t h e  
g r a p h  t o  ' n r  s u i t  a t i o n a l  p o t e n t i a l  e n e r g y
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( b )  The  s t a t e m e n t s  i n  w o r d s  ( e . g .  " C o n s e r v e d  ONLY i n
e l a s t i c  c o l l i s i o n s " )  had t r i g g e r e d  o f f  i n a p p r o p r i a t e
r e s p o n s e s  ( e . g .  f momentum ’ ) .  We c o u l d  g e t  r o u n d
t h i s  p r o b l e m  i f  we r e p l a c e d  t h e  w o rd  s t a t e m e n t  by a
d i a g r a m  w h i c h  c o n v e y e d  t h e  same i n f o r m a t i o n *  F o r  
e x a m p l e :
Conserved ONLY in
c o u l d  be 
r e p l a c e d  by
.___2v v
| m j “ ^  4 “—| 2m |
e l a s t i c  c o l l is io n s _ _ \  2 v r -  -i r ------- i v1 \  m i I 2m r - r
5 ^ Change in  X = 0
Increased in an 
explosive c o llis io n
14
c o u l d  be 
r e p l a c e d  by
J = >
X i s  i n c r e a s e d
Decreased in  an 
in e la s tic  c o llis io n
25
c o u l d  be 
r e p l a c e d  by
2m
O  - - L - - J d L
25 X i s  d e c r e a s e d
( c )  s t a t e m e n t s  i n v o l v i n g  u n i t s  we re  c o r r e c t l y  i d e n t i f i e d
by a l m o s t  a l l  p u p i l s ,  b u t  t h i s  may i n d i c a t e  no more  t h a n  
r o t e  l e a r n i n g .  I f  we made a s i m p l e  a l t e r a t i o n ,  we c o u l d  
r e q u i r e  c o m p r e h e n s i o n  r a t h e r  t h a n  s i m p l e  r e c a l l .
F o r  e x a m p l e :
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Measured in  J
Measured in  Ns
Measured in N
c o u l d  be 
r e p l a c e d  by
c o u l d  be 
r e p l a c e d  by
c o u l d  be 
r e p l a c e d  by 20 N s
-  A"~box q u o t i n g  t h e  u n i t  ’ kg  m s - 1 ’ f o r  1 momentum1 
s h o u l d  a l s o  a p p e a r  someu/here on t h e  c h a r t .
( d )  Box 1 was i n c l u d e d  w i t h  ’ momentumi  ’ i m p u l s e ’ and ’ f o r c e ’ . 
We c o u l d ,  p e r h a p s ,  make t h i s  more s p e c i f i c a l l y  ’ i m p u l s e ’ 
by d r a w i n g  a t t e n t i o n  t o  t h e  s hade d  a r e a .  T h u s
s t
c o u l d  be 






(Ue m u s t ,  o f  c o u r s e ,  t i l l  a c c e p t  'm omen tum ',  f o r  b o x  l )
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( e )  Box 11 and box  15 showed no s i g n i f i c a n t  d i f f e r e n c e  
i n  p e r f o r m a n c e  f o r  any g r o u p .  O n l y  one o f  t h e s e  
w o u l d  be r e q u i r e d .  Ilie ch o s e  box  1 5 .
( f )  We c o u l d  now p u t  t h e  s t a t e m e n t  ’ A v e c t o r  q u a n t i t y *
i n t o  b o x  11 t o  b a l a n c e  t h e  s t a t e m e n t  1 A s c a l a r  
q u a n t i t y * ,  w h i c h  a p p e a r e d  i n  box 7 .
( g )  B o x e s  6 ,  12 and 24 c o n t a i n e d  a l t e r n a t i v e  s t a t e m e n t s
o f  N e w ton  I I .  W h i l e  t h e  r e s u l t s  showed t h a t  t h e
0 - G r a d e  p u p i l s  p r e f e r r e d  *F = ma’ t o  F = — ^
d t
t h e  d i f f e r e n c e  was b a r e l y  s i g n i f i c a n t .  We s u s p e c t e d  
t h a t  t h e  u n i n t e n t i o n a l  c l u e  o f  t h e  l e t t e r  * F ! 
a p p e a r i n g  i n  a l l  t h r e e  b o x e s  had d i s t o r t e d  t h e  
r e s u l t s  f o r  t h e s e  t h r e e  b o x e s .  The 0 - G r a d e  p u p i l s  
r e c o g n i s e d  *F = ma’ a p p l i e d  t o  * f o r c e  * a n d ,  s i n c e  
t h e  o t h e r  tw o  b o x e s  a l s o  had an * F * i n  t h e m ,  t h e y  
m u s t  a l s o  a p p l y  t o  ’ f o r c e * .  We d e c i d e d ,  t h e r e f o r e ,  
t o  make t h e  f o l l o w i n g  c h a n g e s :
For a fa l l in g  body
w o u ld  be
F *  ma r e p l a c e d  by X = rag
6 6
( i n  P a r t  1,  * w e i g h t  * was n o t  a common ly  u s e d  t e r m .
We a r e  c h e c k i n g  h e r e  i f  p u p i l s  r e c o g n i s e  *mg* as a 
f o r c e . )
w o u ld  be 





( h )  Ue s u s p e c t e d  t h a t  p u p i l s  d i d  n o t  r e c o g n i s e  ’ m om en tu m ’ 
as a v e c t o r  q u a n t i t y .  Uie a n t i c i p a t e d  t h a t  a l a r g e  
n um be r  o f  p u p i l s  c o u l d  c h o o s e  t h e  box  c o n t a i n i n g  t h e  
s t a t e m e n t  ’ A v e c t o r  q u a n t i t y ’ and y e t  n o t  r e c o g n i s e  
an e x a m p le  o f  a v e c t o r  q u a n t i t y .  Ue t h e r e f o r e  l e f t  
b o x  21 as i t  was ,  b u t  added tw o  more  b o x e s  as 
f  o I I oujs :
and
I f  t h e  p u p i l  r e a l l y  u n d e r s t a n d s  u h a t  a v e c t o r  q u a n t i t y  
i s ,  t h e n  box  2 s h o u l d  be i n c l u d e d  u i t h  ’ k i n e t i c  e n e r g y ’ 
and b o x  IB  s h o u l d  be i n c l u d e d  u i t h  ’ momentum’ .
2
( i )  Ue had t o  re m ove  ’ = j  mv ’ f r o m  box  2 and
’ p = m v ’ f r o m  box  16 t o  g e t  s p ace  f o r  t h e  a b o v e  t u o  
b o x e s .  Ue f e l t  j u s t i f i e d  i n  d o i n g  t h i s  a t  t h i s  s t a g e ,  
b u t  ue r e a l i s e d  t h a t  t h e  b a s i c  d e f i n i n g  e q u a t i o n s  
u o u l d  n o r m a l l y  be i n c l u d e d  i n  a d i a g n o s t i c  t e s t  o f  
c o n c e p t  u n d e r s t a n d i n g ,  We a l s o  re m o ved  ’ E = m g h ’ 
f r o m  b ox  and r e p l a c e d  i t  u i t h  a d i a g r a m  o f  an
i n e l a s t i c  c o l l i s i o n .
p r u f _ _ _
i 3m
Change in  X = 0
u h i c h  i s  
v a r y  s i m i l a r  
t o  box 25
2m
E >
25  X is  decreased
235
( j )  F i n a l l y  we r e p l a c e d  box 18 ,  w h i c h  c o n t a i n e d  t h e
s t a t e m e n t  " C o n s e r v e d  i n  ALL c o l l i s i o n s "  by a d i a g r a m ,
w h i c h  was i d e n t i c a l  t o  t h e  d i a g r a m  i n  box  1 4 ,  O n l y
t h e  w o r d i n g  was d i f f e r e n t ,  so m a k in g  t h e  d i s c r i m i n a t i o n  
q u i t e  f i n e .
3m j = >
2v I 1 \ V r ~“ ! V
^ ^ L > y C L 2i L h ? .
18 Change in X = 0
3m
2v I 1 Y V  I 1 v
X is  increased
The r e v i s e d  v e r s i o n  o f  t h e  w h o le  c h a r t  i s  g i v e n  i n  
F i g u r e  1 3 .
liie w e r e  now i n  a p o s i t i o n  t o  c o n d u c t  a f u r t h e r  f i e l d  t r i a l  
w i t h  p u p i l s .  T h i s  uas c a r r i e d  o u t ,  as w i l l  be d e s c r i b e d  
i n  t h e  n e x t  c h a p t e r ,  i n  t w e n t y  s e l e c t e d  s c h o o l s  t h r o u g h o u t  
S c o t l a n d ,  H o w e v e r ,  b e f o r e  t r y i n g  o u t  t h e  r e v i s e d  c h a r t  
on  p u p i l s ,  we d e c i d e d  t o  t r y  i t  o u t  on t e a c h e r s .
liie had  been  i m p r e s s e d ,  w h i l e  p r o c e s s i n g  t h e  r e s u l t s  i n  
P a r t  2 , t o  n o t e  t h e  r e m a r k a b l e  u n a n i m i t y  t h a t  e x i s t e d  among 
t h e  e l e v e n  t e a c h e r s  who w o rk e d  t h r o u g h  t h e  t e s t  m a t e r i a l .  
R e c a l l i n g  a s t a t e m e n t  made by d a r k l e  and T ie m a n n  ( l l )
,fThe  s t u d e n t  who i s  l e a r n i n g  t h e  d i s c i p l i n e  m a s t e r s  i t  t o  
t h e  e x t e n t  t h a t  he p e r c e i v e s  t h e  w o r l d  i n  t h e  same way 
t h a t  t h e  s u b j e c t  m a t t e r - e x p e r t  d o e s ” ,
We d e c i d e d  t o  c h e c k  wha t  t h e  ’ s u b j e c t - m a t t e r  e x p e r t s ’ saw 
i n  o u r  r e v i s e d  c o n c e p t  c h a r t .  We t h e r e f o r e  s e n t  c o p i e s
o f  t h e  r e v i s e d  c h a r t  t o  some 30 o f  o u r  c o l l e a g u e s ,  many 
o f  whom had been i n v o l v e d  i n  t h e  e a r l i e r  t e a c h e r
CHART
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q u e s t i o n n a i r e ,  d e s c r i b e d  i n  c h a p t e r  2 .  Ue a s k e d  them  
t o  v a l i d a t e  t h e  m a t e r i a l  f o r  us by c o m p l e t i n g  a s a m p le  
r e p o r t  p r o  f o r m a ,
A c o p y  o f  t h e  m a t e r i a l  as s e n t  t o  t h e  t e a c h e r s  i s  g i v e n  
i n  A p p e n d i x  I ,  Ue w i l l  d i s c u s s  t h e  r e s u l t s  and 
c o m m e n ts  w h i c h  came b a c k  f r o m  t h e  t e a c h e r s  i n  t h e  n e x t  
c h a p t e r .
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CHAPTER 7 -  THE 1980-81  FIELD TRIAL
I n t r o d u c t i o n .
T h e  t e s t  m a t e r i a l  d e s c r i b e d  i n  c h a p t e r s  5 and 6 a p p e a r e d  
t o  h a v e  some p o t e n t i a l  as a d i a g n o s t i c  t e s t  o f  c o n c e p t  
u n d e r s t a n d i n g .  I n  t h i s  c h a p t e r ,  ue u i l l  d e s c r i b e  h ou  
a r e v i s e d  f o r m  o f  t h e  t e s t  m a t e r i a l  uas  t r i a l l e d  I n  
t w e n t y  s e l e c t e d  s c h o o l s  t h r o u g h o u t  S c o t l a n d  d u r i n g  t h e  
s e s s i o n  1 9 8 0 - 8 1 .
T h e  r e v i s i o n  o f  t h e  t e s t  m a t e r i a l
A t  t h e  end  o f  t h e  l a s t  c h a p t e r ,  ue d e s c r i b e d  hou  t h e  
5 x 5  c h a r t  u sed  i n  P a r t  2 o f  t h e  t e s t  m a t e r i a l  uas  
m o d i f i e d ,  and hou t h e  m o d i f i e d  v e r s i o n  u as  v a l i d a t e d  by 
a s k i n g  some 30 e x p e r i e n c e d  t e a c h e r s  o f  p h y s i c s  t o  
s e l e c t ,  f o r  e ach  c o n c e p t ,  t h e  r e l e v a n t  b o x e s  f r o m  t h e  
r e v i s e d  c h a r t .  We nou d i s c u s s  t h e  r e s u l t s  o b t a i n e d  
f r o m  t h e  t e a c h e r s .
T h r e e  m a j o r  p o i n t s  emerged  f r o m  a s t u d y  o f  t h e  t e a c h e r s '  
r e s p o n s e s  t o  t h e  r e v i s e d  - c h a r t .
( l )  F o r  each  o f  t h e  f i v e  c o n c e p t s  i n v o l v e d ,  t h e r e  u as
a s p r e a d  o f  r e s p o n s e s ,  u i t h  as many as 17 d i f f e r e n t  
b o x e s  b e i n g  c h o s e n  f o r  ' momentum1. and 22 d i f f e r e n t  
b o x e s  f o r  1 f o r c e ' . I n  s p i t e  o f  t h i s  u i d e  s p r e a d  
o f  r e s p o n s e s ,  t h e r e  u a s ,  as ue had a n t i c i p a t e d ,  a 
v e r y  c l e a r  c o n s e n s u s  o p i n i o n  as t o  u h a t  u e r e  t h e  
m o s t  r e l e v a n t  b o x e s .
T a b l e  44 g i v e s  a summary o f  t h e  t e a c h e r s '  r e s p o n s e s  
t o  a l l  25 b o x e s .  I n  T a b l e  4 5 , ue sh o u  o n l y  t h e  
b o x e s  u h i c h ,  by c o n s e n s u s  o p i n i o n ,  a r e  t h e  m o s t  
r e l e v a n t  b o x e s  f o r  each c o n c e p t  -  u h a t  ue m i g h t  
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( 2 )  I t  w o u l d  be w ro n g  t o  assum e,  f r o m  t h e  w i d e  s p r e a d
o f  r e s p o n s e ,  t h a t  t h e  t e a c h e r s  w e re  m a k in g  f r i v o l o u s  
c h o i c e s *  I n  a l l  c a s e s ,  t h e r e  was c l e a r  e v i d e n c e  
f r o m  t h e  t e a c h e r s ’ v e r b a l  and w r i t t e n  com m en ts  
a b o u t  t h e i r  r e s p o n s e s ,  t h a t  t h e y  c o u l d  j u s t i f y  
t h e s e  r e s p o n s e s *  F o r  e x a m p l e ,  b o x e s  2 ,  5 ,  10 
and 18 c o u l d  r e f e r  t o  g r a v i t a t i o n a l  p o t e n t i a l  
e n e r g y ,  s i n c e  t h e  d i a g r a m  i n  each  c a s e  shows  
t h e r e  h as  bee n  no v e r t i c a l  d i s p l a c e m e n t  o f  t h e  
m a s s e s *
2v v
| m j“ *  4 —j 2m |
Change in  X = 0
2 ^ Change in  X = 0
Change in  X = 0 Change in X = 0
I n  some c a s e s ,  t h e  t e a c h e r s  a d m i t t e d  t h a t  t h e y  c o u l d  
o n l y  j u s t i f y  t h e i r  c h o i c e s  by c o n s i d e r i n g  some, b u t  
n o t  a l l ,  t h e  i n f o r m a t i o n  g i v e n  i n  a p a r t i c u l a r  b o x ,  
o r  by i n t e r p r e t i n g  t h e  i n f o r m a t i o n  i n  a s p e c i f i c ,  
and v e r y  l i m i t e d ,  w a y .  ^ o r  e x a m p l e ,  t h e
a p p e a r a n c e  o f  t h e  l e t t e r  ’ F 1 i n  b o x e s  1 ,  13 and 
22 c o u l d  j u s t i f y  i n c l u d i n g  t h e s e  b o x e s  u n d e r  t h e  
h e a d i n g  o f  ’ f o r c e ’ •
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T A t -  mv -  mu _
shaded area
Fs mu
Box 12 r e f e r s  t o  t h e  r a t e  o f  c h a n g e  o f  momentum, 
and t h e r e f o r e  ca n  j u s t i f i a b l y  be i n c l u d e d  u n d e r  
’ m om en tum 1 w h i l e ,  i n  box  1 4 ,  t h e  m a g n i t u d e  o f  t h e  
momentum o f  t h e  mass m ( o r  t h e  mass 2m) i s  i n c r e a s e d  
by  t h e  e x p l o s i v e  i n t e r a c t i o n ,  so i t  a l s o  c o u l d  be 




_ _ D D _ _ 0
2 v I 1 r  —! V
m
X is  increased
( 3 )  S e v e r a l  t e a c h e r s  com m en ted  t h a t  t h e y  had some 
d i f f i c u l t y  i n  i n t e r p r e t i n g  t h e  i n s t r u c t i o n s .
To q u o t e  one  t e a c h e r :
’’ P e r h a p s  o ne  o f  t h e  p r o b l e m s  o f  s h o w i n g  t e a c h e r s  
t h e s e  t e s t s  i s  t h a t  we r e a d  t o o  much i n t o  t h e m .
I  c e r t a i n l y  f i n d  i t  d i f f i c u l t  t o  u n d e r s t a n d  
e x a c t l y  w h a t  i s  w a n te d  • • • • •  I  f i n d ,  f o r  
e x a m p l e ,  t h a t  i n  i n s t r u c t i o n  2 yo u  ask  t h a t  we 
g i v e  t h e  n um be r  o f  a l l  t h e  b o x e s  w h i c h  c o n t a i n  
’’ some i n f o r m a t i o n  a b o u t ”  t h e  q u a n t i t y  and i n  
r e s p o n s e  s h e e t  1 you  ask  t h a t  we g i v e  t h e  
nu m b e r  o f  a l l  t h e  b o x e s  w h i c h  ’’ you  t h i n k  r e f e r  
t o ”  t h e  q u a n t i t y .
I  f i n d  t h e s e  i n s t r u c t i o n s  i n c r e d i b l y  d i f f i c u l t  t o  
i n t e r p r e t  and t h e r e f o r e  I  am r e a l l y  n o t  s u r e  w h a t  
t o  d o .  F o r  e x a m p l e ,  do you  mean t h a t  we i n c l u d e  
t h e  b o x e s  i n  w h i c h  any o f  t h e  q u a n t i t i e s  a r e  used
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d i r e c t l y ,  o r  i n d i r e c t l y ,  o r  m e n t i o n e d  s p e c i f i c a l l y ,  
o r  i m p l i e d ,  o r  w h a t?  I f  w h a t  i s  i n t e n d e d  i s  t h a t  
t h e  p u p i l  i s  a s k e d  t o  f i l l  i n  t h e  n u m b e rs  o f  a l l  
t h e  b o x e s  on t h e  c h a r t  i n  w h i c h  t h e  l e t t e r  X r e f e r s  
t o  t h a t  q u a n t i t y , t h e n  t h e r e  a r e  f i v e  m i s t a k e s  i n  
t h e  c h a r t *  I  h a v e  c o r r e c t e d  t h e s e  and c i r c l e d  th e m  
i n  y e l l o w *  T h i s  i s ,  I  s u s p e c t ,  w h a t  i s  w a n t e d  and 
s o ,  r a t h e r  t h a n  g i v e  w h a t  seems t o  me t o  be a 
m e a n i n g l e s s  l i s t  o f  box  n u m b e r s ,  I  h a v e  i n t e r p r e t e d  
y o u r  l i s t  t o  mean TG i v e  t h e  n u m b e rs  o f  t h e  b o x e s  i n  
w h i c h  X r e f e r s  t o ,  o r  c o u l d  r e f e r  t o ,  t h a t  q u a n t i t y ’
T h e  f i v e  e r r o r s  r e f e r r e d  t o  on t h e  c h a r t  w e re  b o x e s  
7 ,  1 1 ,  1 3 ,  19 and 23 i n  w h i c h  t h e r e  was no s p e c i f i c  
m e n t i o n  o f  t h e  q u a n t i t y  X* I n  each  c a s e ,  we made 
an a p p r o p r i a t e  a l t e r a t i o n .  F o r  b o x e s  7 ,  11 and 19 
we s i m p l y  added  ’ X ! t o  t h e  g i v e n  s t a t e m e n t .  T h u s ,  
i n  b o x  7 ,  ” A s c a l a r  q u a n t i t y ”  became ” X i s  a s c a l a r  
q u a n t i t y ” * I n  b o x e s  13 and 2 2 ,  we a l s o  t r i e d  t o  make 
t h e s e  b o x e s  r e f e r  more  s p e c i f i c a l l y  t o  ’ k i n e t i c  e n e r g y ’ 
and ’ m om en tu m ’ r e s p e c t i v e l y .  T h u s ,  f o r  e x a m p l e :
i b E j f J t e S -
1  ^" ■— s
F w
U  ZyJvT  ^V  ) m ■+
I* ' 3 *1
Fs *  §mv2 ~ Imu2
w a s  c h a n g e d  
t o Change in  X = Fs
13 13
F -  nv -  mu
was c h a n g e d  
t o Change in X = Ft
liJe w o u l d  a n t i c i p a t e  t h a t  ’ f  o r c e  ’ w i l l  no l o n g e r  be 
a common r e s p o n s e  f o r  t h e s e  b o x e s .
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The  w o r d i n g  o f  t h e  i n s t r u c t i o n s  was a l t e r e d  t o  r e f e r  
m o re  s p e c i f i c a l l y  t o  t h e  ’ q u a n t i t y  X ’ , w h i c h  now 
a p p e a r e d  i n  e v e r y  box  on t h e  c h a r t .
H a v i n g  now r e v i s e d ,  a n d ,  we t h o u g h t ,  i m p r o v e d  t h e  
c h a r t ,  we s t a r t e d  t o  p u t  t o g e t h e r  a new d r a f t  o f  t h e  
t e s t  m a t e r i a l ,  f o r  a f u r t h e r  f i e l d  t r i a l .  The  
m a in  p u r p o s e  o f  t h i s  f i e l d  t r i a l  w o u l d  be a m o re  
e x t e n s i v e  t r i a l  o f  t h e  c o n c e p t  c h a r t ,  b u t  a t  t h e  
same t i m e  we c o u l d  t r y  o u t  some o t h e r  i d e a s .
We d e c i d e d  t h a t ,  f o r  t h i s  t r i a l ,  we w o u l d  u s e  
o n l y  H - G r a d e  p u p i l s ,  s i n c e  p a r t s  o f  t h e  m a t e r i a l  
w e r e  u n s u i t a b l e  f o r  0 - G r a d e  p u p i l s .  We a l s o  
d e c i d e d  t h a t  a l l  t h e  p u p i l s  w o u l d  s i t  t h e  same t e s t .  
T h e r e  w o u l d  be t h r e e  p a r t s ,  A, B and C.
P a r t  A w o u l d  c o n s i s t  o f  t h e  r e v i s e d  c o n c e p t  c h a r t
and r e s p o n s e  s h e e t .
P a r t  B w o u l d  be a s i m p l i f i e d  v e r s i o n  o f  t h e  t e c h n i q u e
u s e d  i n  t h e  p r e v i o u s  t r i a l ,  w h e r e  t h e  p u p i l  was g i v e n
a s e r i e s  o f  n i n e  s t a t e m e n t s .
P a r t  C w o u l d  be a f i r s t  t r i a l  o f  t h e  t e c h n i q u e  
d e s c r i b e d  i n  c h a p t e r  5 i n  w h i c h  t h e  p u p i l  i s  a s k e d  
t o  s e l e c t ,  i n  o r d e r ,  t h e  r e l e v a n t  c o n c e p t s  and 
p r i n c i p l e s  r e q u i r e d  t o  s o l v e  a g i v e n  p r o b l e m .
I n  p a r t  B, we d e c i d e d  t o  a l l o w  each  p u p i l  t o  c h o o s e  
h i s  own r a t e  o f  p r o g r e s s  t h r o u g h  t h e  m a t e r i a l ,  u s i n g  
h i s  ’ c o n f i d e n c e  l e v e l ’ t o  g o v e r n  t h i s .  A l l  p u p i l s  
w o u l d  be g i v e n  t h e  same f i r s t  s t a t e m e n t  ( e . g .
’’ The q u a n t i t y  X i s  p r o p o r t i o n a l  t o  t h e  mass o f  
a b o d y ” ) a n d ,  as b e f o r e ,  w o u l d  be a s k e d  t o  i d e n t i f y  
t h e  q u a n t i t y  X and t o  i n d i c a t e  how c o n f i d e n t  he was 
a b o u t  h i s  i d e n t i f i c a t i o n .  A c c o r d i n g  t o  h i s  
’ c o n f i d e n c e  r a t i n g ’ , t h e  p u p i l  w o u l d  e i t h e r  be 
g i v e n  some e n c o u r a g e m e n t ,  i f  he s a i d  he had no 
r e a l  i d e a ,  o r  c a u t i o n e d  a g a i n s t  j u m p i n g  t o
c o n c l u s i o n s ,  i f  he s a i d  he was s u r e  a f t e r  o n l y  one  
s t a t e m e n t .  A l l  p u p i l s  w o u l d ' t h e n  p r o c e e d  t o  t h e  
s e c o n d  s t a t e m e n t ,  w h i c h ,  we t h o u g h t ,  s h o u l d  i n v o l v e  
t h e  d i m e n s i o n s  o f  t h e  q u a n t i t y  X.
A f t e r  r e s p o n d i n g  t o  t h e  s e c o n d  s t a t e m e n t ,  t h e  p u p i l  
w o u l d  a g a i n  i n d i c a t e  h i s  ’ c o n f i d e n c e  r a t i n g ’ . The  
o p t i o n  o f  ” 1 h a v e  no r e a l  i d e a ,  so I  h a v e  j u s t  
made a g u e s s ”  w o u l d  no l o n g e r  be r e q u i r e d .  I f  
t h e  p u p i l  i n d i c a t e d  he was s u r e  he had c o r r e c t l y  
i d e n t i f i e d  t h e  q u a n t i t y  X, he w o u l d  be g i v e n  t h e  
c h a n c e  t o  ask  one  more  q u e s t i o n  a b o u t  t h e
q u a n t i t y  X .  He c o u l d  e i t h e r  ask  a q u e s t i o n  o f  h i s
own ,  o r  any  o ne  o f  t h e  f i v e  s u g g e s t e d  q u e s t i o n s .
The  a n s w e r  t o  e ach  q u e s t i o n  i s  e i t h e r  YES o r  NO.
I f ,  a f t e r  r e s p o n d i n g  t o  t h e  s e c o n d  s t a t e m e n t ,  t h e  
p u p i l  i n d i c a t e d  he w a n te d  more  i n f o r m a t i o n ,  he 
w o u l d  be d i r e c t e d  t o  a t h i r d  s t a t e m e n t  a b o u t  t h e
q u a n t i t y  X # T h i s ,  we t h o u g h t ,  c o u l d  be o f  t h e
f o r m  " T h e  q u a n t i t y  X i s  i n v o l v e d  i n  s o l v i n g  t h e  
f o l l o w i n g  p r o b l e m " ,  f o l l o w e d  by a t y p i c a l  m u l t i p l e -  
c h o i c e  i t e m .  A f t e r  r e s p o n d i n g  t o  t h e  t h i r d  
s t a t e m e n t ,  t h e  p u p i l  w o u l d  a g a i n  i n d i c a t e  h i s  
c o n f i d e n c e  r a t i n g .
I f ,  a t  t h i s  s t a g e ,  t h e  p u p i l  i s  s u r e  he has  
c o r r e c t l y  i d e n t i f i e d  t h e  q u a n t i t y  X, he i s  a s k e d  
t o  name i t ,  g i v e  i t s  d e f i n i n g  e q u a t i o n  and t h e  
u n i t s  i n  w h i c h  i t  i s  m e a s u r e d .  He i s  f i n a l l y  
a s k e d  f o r  tw o  more  i m p o r t a n t  f a c t s  a b o u t  t h e  
q u a n t i t y  X.
I f ,  a f t e r  t h r e e  s t a t e m e n t s  a b o u t  t h e  q u a n t i t y  X, 
t h e  p u p i l  i s  s t i l l  w a n t i n g  more  i n f o r m a t i o n ,  he i s  
g i v e n  t h e  c h a n c e  t o  ask  one  more  q u e s t i o n ,  as 
d e s c r i b e d  a b o v e .  H a v i n g  c h o s e n  t h e  q u e s t i o n ,  t h e
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p u p i l  f i n d s  t h e  a n s w e r s  t o  a l l  f i v e  q u e s t i o n s  on t h e  
n e x t  p a g e .  He i s  t h e n  a s k e d ,  as d e s c r i b e d  a b o v e ,  t o  
name t h e  q u a n t i t y  X, g i v e  i t s  d e f i n i n g  e q u a t i o n ,  
i t s  u n i t s ,  and tw o  m ore  i m p o r t a n t  f a c t s  a b o u t  t h e  
q u a n t i t y  X.
l i ih a t we h a v e  j u s t  d e s c r i b e d  may a p p e a r  u n d u l y  
c o m p l i c a t e d ,  b u t  i t  i s ,  i n  f a c t ,  r e l a t i v e l y  s i m p l e  
t o  w o r k  t h r o u g h .  We f o u n d  no e v i d e n c e  t h a t  any  
o f  t h e  p u p i l s  had  any  d i f f i c u l t y  i n  f o l l o w i n g  t h e  
i n s t r u c t i o n s .
T h e r e  w e re  t h r e e  new i d e a s  i n c o r p o r a t e d  i n t o  P a r t  B.
T h e  f i r s t  was t h e  u s e  o f  t h e  s t a t e m e n t  ’’ The  q u a n t i t y  
X i s  i n v o l v e d  i n  s o l v i n g  t h e  f o l l o w i n g  p r o b l e m ” .
T h i s ,  we t h o u g h t ,  was a goo d  way t o  f o c u s  t h e  p u p i l ’ s 
a t t e n t i o n  on t h e  c o n c e p t s  i n v o l v e d  i n  t h e  p r o b l e m  
w i t h o u t  a s k i n g  them  t o  s o l v e  t h e  p r o b l e m .  The 
a m o u n t  o f  i n f o r m a t i o n  t h e  p u p i l  g e t s  f r o m  t h i s  
a b o u t  t h e  q u a n t i t y  X w i l l  c l e a r l y  d e p e n d  on h i s  
a b i l i t y  t o  a n a l y s e  t h e  g i v e n  p r o b l e m .
T h e  s e c o n d  i n n o v a t i o n  was a l l o w i n g  t h e  p u p i l  t o  ask 
a q u e s t i o n .  The  f i v e  q u e s t i o n s  we s u p p l i e d  w e r e  n o t ,  
o f  c o u r s e ,  e q u a l l y  u s e f u l  i n  i d e n t i f y i n g  t h e  q u a n t i t y  
X .  T h r e e  o f  th e m  w o u l d  t e l l  t h e  p u p i l  n o t h i n g  he d i d  
n o t  a l r e a d y  k n o w .  What we w e re  l o o k i n g  f o r  h e r e  was 
t h e  a b i l i t y  t o  p i c k  o u t  t h e  d i s c r i m i n a t i n g  q u e s t i o n ,  
w h i c h  w o u l d  h e l p  t o  i d e n t i f y  t h e  q u a n t i t y  X.  By 
g i v i n g  t h e  p u p i l  t h e  c h a n c e  t o  f r a m e  h i s  own q u e s t i o n ,  
we h o p e d  t o  g e t  some e v i d e n c e  o f  how d i s c r i m i n a t i n g  
he c o u l d  b e ,  g i v e n  t h e  r e s t r i c t i o n  t h a t  t h e  a n s w e r  
m u s t  be YES o r  NO.
T h i s  t e c h n i q u e ,  we t h o u g h t ,  c o u l d  be p u t  t o  g oo d  
u s e  i n  t h e  c l a s s r o o m  t o  h e l p  p u p i l s  i m p r o v e  t h e i r  
u n d e r s t a n d i n g  o f  c o n c e p t s ,  by a ’ t w e n t y  q u e s t i o n s ’ 
r o u t i n e ,  i n  w h i c h  t h e  p u p i l s  a r e  r e q u i r e d  t o  ask  
p r e c i s e l y  f r a m e d  q u e s t i o n s  w h i c h  can  o n l y  be a n s w e r e d
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y e s  o r  n o .  As W h i t e  ( 1 2 )  h as  p o i n t e d  o u t ,  ’’ t h i s  
t e c h n i q u e  n e c e s s a r i l y  i n v o l v e s  t h e  s t u d e n t s  i n  
p r o c e s s i n g  t h e i r  k n o w l e d g e  . . . .  ( a n d )  i t  i s  a 
p o w e r f u l  means o f  b r i n g i n g  l e a r n e r s  t o  see 
r e l a t i o n s h i p s  among e l e m e n t s  o f  k n o w l e d g e  t h e y  
a l r e a d y  p o s s e s s  and i n  g e t t i n g  the m  t o  t r a n s f o r m  
a c o l l e c t i o n  o f  i l l —f o r m e d  p r o p o s i t i o n s  i n t o  a 
s m a l l e r  n um be r  o f  c r i s p  and a c c u r a t e  o n e s ” .
The t h i r d  i n n o v a t i o n  was t o  r e q u i r e  t h e  p u p i l  t o  
name t h e  q u a n t i t y  X, t o  g i v e  i t s  ’ f o r m a l *  d e f i n i t i o n  
and t o  s t a t e  tw o  o t h e r  i m p o r t a n t  a t t r i b u t e s  a p a r t  
f r o m  t h e  u n i t s  i n  w h i c h  t h e  c o n c e p t  i s  m e a s u r e d .
UJe a r e  c h e c k i n g  h e r e  t h a t  t h e  p u p i l  h as  a c q u i r e d  
w h a t  K l a u s m e i e r  ( 1 0 )  has  d e s c r i b e d  as t h e  ’ f o r m a l ’ 
u n d e r s t a n d i n g  o f  t h e  c o n c e p t .
I n  P a r t  C, t h e  p u p i l  w o u ld  be p r o v i d e d  w i t h  a n o t h e r  
c h a r t  c o n t a i n i n g ,  s a y ,  12 p r o p o s i t i o n s  ( e . g .  ’’ i m p u l s e  
= r a t e  o f  c h a n g e  o f  momentum” ) and f o u r  c o n v e n t i o n a l  
e x t e n d e d - a n s w e r  p r o b l e m s  t a k e n  f r o m  p r e v i o u s  H - G r a d e  
p a p e r s .  As was d e s c r i b e d  i n  c h a p t e r  5 ,  t h e  p u p i l  
w o u l d  be r e q u i r e d  t o  s e l e c t ,  i n  o r d e r ,  t h e  c o r r e c t  
s e q u e n c e  o f  p r o p o s i t i o n s  he w o u l d  a p p l y  t o  s o l v e  
ea c h  p r o b l e m .  The  f i r s t  p r o b l e m  w o u l d  be done  
as a w o r k e d  e x a m p le  t o  show w h a t  was r e q u i r e d .
A c o p y  o f  t h e  r e v i s e d  t e s t  m a t e r i a l  as u s e d  i n  t h e  
1 9 8 0 - 8 1  t r i a l s  a p p e a r s  i n  A p p e n d i x  J . I n  t h e  t e s t  
b o o k l e t ,  s e c t i o n s  A, B and C w e re  p r i n t e d  on 
d i f f e r e n t  c o l o u r e d  p a p e r  t o  i d e n t i f y  them  more  
c l e a r l y .
The  s e l e c t i o n  o f  s c h o o l s  t o  be i n v o l v e d  i n  t h e  t r i a l .
F o r  t h e  1 9 8 0 - 8 1  t r i a l ,  we d e c i d e d  . t o  u s e  a 
r e p r e s e n t a t i v e  s a m p le  o f  t w e n t y  s e c o n d a r y  s c h o o l s  
t h r o u g h o u t  S c o t l a n d .  None o f  t h e s e  s c h o o l s  had been  
us e d  i n  any o f  t h e  p r e v i o u s  t r i a l s .  The  p r o p o r t i o n s  
o f1 o u r  s a m p le  r e f l e c t e d  b o t h  t h e  g e o g r a p h i c  d i s t r i b u t i o n  
o f  t h e  p o p u l a t i o n  a n d ,  u s i n g  i n f o r m a t i o n  p r o v i d e d  by
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t h e  S c o t t i s h  C e r t i f i c a t e  o f  E d u c a t i o n  E x a m i n a t i o n  
B o a r d ,  t h e  r e l a t i v e  d i s t r i b u t i o n  o f  c i t y  s c h o o l s  t o  
n o n - c i t y  s c h o o l s ,  Roman C a t h o l i c  s c h o o l s  t o  n o n -  
d e n o m i n a t i o n a l  s c h o o l s  and i n d e p e n d e n t  o r  g r a n t -  
a i d e d  s c h o o l s  t o  l o c a l  a u t h o r i t y  s c h o o l s .
T h u s  we had  i n  o u r  s a m p le  7 s c h o o l s  f r o m  S t r a t h c l y d e  
R e g i o n ,  2 s c h o o l s  f r o m  C e n t r a l  R e g i o n ,  4 s c h o o l s  
f r o m  L o t h i a n  R e g i o n ,  2 s c h o o l s  f r o m  F i f e  R e g i o n ,
2 s c h o o l s  f r o m  T a y s i d e  R e g i o n ,  and 3 s c h o o l s  f r o m  
G r a m p ia n  R e g i o n ,  T h e r e  w e r e ,  i n  a l l ,  7 c i t y  
s c h o o l s ,  4 Roman C a t h o l i c  s c h o o l s  and 1 i n d e p e n d e n t  
s c h o o l .
H a v i n g  r e c e i v e d  o f f i c i a l  p e r m i s s i o n  f r o m  t h e  D i r e c t o r  
o f  E d u c a t i o n  i n  each  R e g i o n  t o  c a r r y  o u t  t h e  t r i a l ,  
we t h e n  s o u g h t  t h e  a d v i c e  o f  t h e  R e g i o n ’ s S c i e n c e  
A d v i s e r  as t o  w h i c h  s c h o o l s  w i t h i n  h i s  R e g i o n  m i g h t  
be i n v i t e d  t o  t a k e  p a r t  i n  t h e  t r i a l .  The  
H e a d t e a c h e r  i n  each  s e l e c t e d  s c h o o l  was t h e n  s e n t  a 
c o p y  o f  t h e  t e s t  b o o k l e t  and a s k e d  i f  he w o u l d  be 
w i l l i n g  t o  a l l o w  h i s  s c h o o l  t o  p a r t i c i p a t e  i n  t h e  
t r i a l .
At  t h i s . s t a g e ,  we w e re  p l e a s a n t l y  s u r p r i s e d  by t h e  
v e r y  p o s i t i ^ q :  r e s p o n s e  we g o t  f r o m  t h e  s c h o o l s .  One 
s c h o o l  d i d  n o t  r e p l y  a t  a l l  b u t ,  i n  m o s t  o t h e r  c a s e s ,  
we r e c e i v e d  a r e p l y  w i t h i n  a f e w  d a y s  i n d i c a t i n g  t h a t  
t h e  s c h o o l  w o u l d  be " v e r y  h a p p y  t o  c o o p e r a t e ” . We 
t o o k  t h i s  as an i n d i c a t i o n  t h a t  t h e  t e a c h e r s  saw 
some i n t r i n s i c  v a l u e  i n  t h e  t e s t  m a t e r i a l .  As one  
P r i n c i p a l  T e a c h e r  o f  P h y s i c s  p u t  i t :  ” T h i s  i s  an
e x e r c i s e  i n  w h i c h  we s h a l l  be p l e a s e d  t o  p a r t i c i p a t e ” .
We had a s k e d  t h a t  one  H - G r a d e  c l a s s  i n  each  s c h o o l  
be g i v e n  t h e  t e s t  m a t e r i a l .  S e v e r a l  s c h o o l s  
o f f e r e d  more  t h a n  one  c l a s s ,  and one  s c h o o l  i n  
p a r t i c u l a r  a s k e d  t h a t  a l l  t h e i r  H - G r a d e  p u p i l s  
s h o u l d  be i n v o l v e d .  We had  t o  r u n - o f f  a d d i t i o n a l  
c o p i e s  o f  t h e  t e s t  m a t e r i a l  t o  mee t  t h e  dem and .
268
The  a p p r o p r i a t e  num ber  o f  t e s t  b o o k l e t s  w e r e  t h e n  
s e n t  t o  each  s c h o o l  and t h e  t e s t  was a d m i n i s t e r e d  
by t h e  s c h o o l  a t  a t i m e  c o n v e n i e n t  t o  t h e m .  I n  
m o s t  c a s e s ,  t h e  t e s t i n g  was c a r r i e d  o u t  d u r i n g  
D e c e m be r  1980 -  J a n u a r y  1 9 8 1 .
We a n t i c i p a t e d  t h e  t e s t  w o u ld  r e q u i r e  one  d o u b l e  
p e r i o d  ( i . e .  7 0 - 8 0  m i n u t e s )  t o  c o m p l e t e ,  b u t  
s e v e r a l  t e a c h e r s  co m m e n te d , o n  r e t u r n i n g  th e  
c o m p l e t e d  t e s t  b o o k l e t s ,  t h a t  t h e  l e s s  a b l e  p u p i l s  
f o u n d  t h i s  t i m e  a l l o c a t i o n  t o o  s h o r t ,  and w e re  
t h e r e f o r e  u n a b l e  t o  c o m p l e t e  P a r t  C o f  t h e  t e s t  
m a t e r i a l •
I n  a l l ,  429 H - G r a d e  p u p i l s  t o o k  p a r t  i n  t h e  1 9 8 0 - 8 1  
t r i a l s .  The d e t a i l s  a r e  g i v e n  i n  T a b l e  4 6 .
T a b l e  46 -  Number o f  p u p i l s  f r o m  e a ch  s c h o o l .
S c h o o l A B C D E F G H I J
N o . o f  p u p i l s 39 13 17 24 15 35 14 13 25 14
S c h o o l K L M N P Q R S T U
W o . o f  p u p i l s 23 14 20 20 16 55 37 16 4 15
(T h e  4 p u p i l s  f r o m  s c h o o l  T w e re  l a t e  a d d i t i o n s  t o  o u r  
o r i g i n a l  s a m p l e .  One o f  o u r  c o l l e a g u e s  f r o m  t h e  
S c i e n c e  E d u c a t i o n  R e s e a r c h  G ro up  a s k e d  h e r  c l a s s  i f  
a n y o n e  w a n te d  t o  t r y  t h e  t e s t .  The f o u r  who 
v o l u n t e e r e d  d i d  i t  a t  home i n  t h e i r  own t i m e ) •
The r e s u l t s  o f  t h e  1 9 8 0 - 8 1  t r i a l
The r e s u l t s  f r o m  P a r t  A a r e  s u m m a r i s e d  i n  T a b l e  47 
and i n  F i g u r e  1 9 . The Ti d e a l  c h o i c e 1 o f  b o x e s , f o r  
each  c o n c e p t ,  i s  t h e  c o m b i n a t i o n  o f  b o x e s  c h o s e n  by 
c o n s e n s u s  o p i n i o n  o f  t h e  t e a c h e r s *  F o r  each  c o n c e p t ,  
we h a v e  a l s o  shown T o t h e r  * b o x e s  f r e q u e n t l y  c h o s e n  by 
t h e  p u p i l .
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The  c o m p l e t e  r e s u l t s  f r o m  P a r t  A w e re  g i v e n  i n  
A p p e n d i x  K . A l t h o u g h  t h e r e  a r e  v a r i a t i o n s  i n  
t h e  p a t t e r n  o f  r e s p o n s e s  f o r  t h e  d i f f e r e n t  s c h o o l s ,  
t h e s e  v a r i a t i o n s  a r e  more  l i k e l y  t o  be a t t r i b u t a b l e  
t o  d i f f e r e n t  m e t h o d s  o f  t e a c h i n g  t h a n  t o  any b a s i c  
d i f f e r e n c e  i n  a b i l i t y .  I n  t e r m s  o f  t h e  nu m b e r  o f  
’ v a l i d 1 b o x e s  i n c l u d e d  i n  t h e i r  r e s p o n s e s ,  no s c h o o l  
was c o n s i s t e n t l y  b e t t e r  o r  c o n s i s t e n t l y  p o o r e r  
t h a n  any o t h e r .  T h e r e  was no s i g n i f i c a n t  d i f f e r e n c e  
b e t w e e n  t h e  r e s p o n s e s  f o r  s c h o o l  Q, i n  w h i c h  a l l  t h e  
H - G r a d e  p u p i l s  w e r e  t e s t e d ,  and t h e  r e s p o n s e s  f o r  t h e  
w h o l e  t e s t  p o p u l a t i o n .
T h e r e  w e r e ,  h o w e v e r ,  s i g n i f i c a n t  d i f f e r e n c e s  i n  t h e  
o v e r a l l  p a t t e r n  o f  r e s p o n s e s  b e tw e e n  t h e  p u p i l s  and 
t h e  t e a c h e r s .  we w i l l  c o n s i d e r  t h e s e  d i f f e r e n c e s  
f o r  each  c o n c e p t  i n  t u r n .
( l )  Momentum
The f o l l o w i n g  ’ v a l i d ’ b o x e s  w e re  s e l e c t e d  
by 50% o r  f e w e r  o f  t h e  p u p i l s .
0 W - A t - H  t
J X = shaded area
1
1 X * X sin©
1 f ^ >




U , K  ! I ym —V j m i—►
t=0 t= t
Change in  X = Ft
22
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Sox 2 was n o t  a ' v a l i d f r e s p o n s e ,  b u t  was c h o s e n  by 
7 2 %  o f  t h e  p u p i l s .  T h i s  r e s u l t  c o m b in e d  w i t h  t h e
r e s u l t s  f r o m  b o x e s  16 and 
2 1 ,  w o u l d  t e n d  t o  c o n f i r m  
t h a t  p u p i l s  do n o t  u n d e r s t a n d  
t h e  v e c t o r  n a t u r e  o f  * momentum *
Change in  X -  0 
2
( 2 )  K i n e t i c  e n e r g y
T h e  f o l l o w i n g  Tv a l i d T c h o i c e s  w e re  s e l e c t e d  by 
50/£ o r  f e w e r  o f  t h e  p u p i l s .
Change in  X = 0
. 2y v
2m
| = > 2 V E
^ Change in  X = 0
m u  j L j v l  ' Vm u*.
Change in X = Fs
13
A s i g n i f i c a n t  n u m b e r  o f  p u p i l s  f a i l e d  t o  i n c l u d e  
Box 2 3 ,  w h i l e  Box 8 ,  w h i c h  was n o t  a ’ v a l i d *  
c h o i c e  f o r  ’ k i n e t i c  e n e r g y ’ . was i n c l u d e d  by 48/o 
o f  t h e  p u p i ls .
For a 
X4
fa l l in g  body
23 0 • *v
For a fa ll in g  body
T h i s  s u g g e s t s  t h a t  t h e  i n t e r p r e t a t i o n  o f  s k e t c h  
g r a p h s  i s  l i k e l y  t o  be d i f f i c u l t  f o r  many o f  t h e  
p u p i l s .
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A s i g n i f i c a n t  n um be r  o f  p u p i l s  do n o t  u n d e r s t a n d  t h e  
t e r m  ’ s c a l a r  q u a n t i t y 1 (B ox  7 ) .
( 3 )  P o t e n t i a l  E n e r g y
The  o n l y  s i g n i f i c a n t  d i f f e r e n c e s  f o r  ’ p o t e n t i a l  e n e r o v ’ 
w e r e  i n  Box 7 ,  w h i c h  c o n t a i n e d  t h e  t e r m  T s c a l a r  
q u a n t i t y T« and i n  Box 6,  w h i c h  c o n t a i n e d  t h e  
e x p r e s s i o n  TX = mg’ .
( 4 ) F o r c e
Box 12 was s e l e c t e d  by o n l y  41% o f  t h e  p u p i l s .
T h i s  w o u ld  s u g g e s t  t h a t  t h e  
c a l c u l u s  n o t a t i o n  i s  n o t  f a m i l i a r  
t o  m o s t  H - G r a d e  p u p i l s ,  and t h a t  
t h e  r e s u l t  o b t a i n e d  i n  t h e  1 9 7 9 - 8 0  
trial was due to the letter 
providing an unintentional prompt.
A s i g n i f i c a n t  n u m b e r o f  p u p i l s  f a i l e d  t o  i n c l u d e  t h e  





For a fa l l in g  body
X s in 6
mg
A t
Box 2 1 ,  h o w e v e r ,  was m o re  o f t e n  i n c l u d e d  w i t h  ’ f o r c e ’ 
t h a n  w i t h  e i t h e r  ’ mom en tum ’ o r  ’ i m p u l s e ’ . T h i s  
s u g g e s t s  t h a t  t h e  p u p i l s  a r e  p e r h a p s  o n l y  r e c a l l i n g ,  
t h e  d i a g r a m  s i n c e  t h e y  w i l l  h a v e  se e n  t h e  d i a g r a m  
a p p l i e d  t o  ’ f o r c e ’ m ore  f r e q u e n t l y .
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( 5 )  I m p u l s e
The  f o l l o w i n g  ! v a l i d T b o x e s  w e re  i n c l u d e d  by f e w e r  
t h a n  50/o o f  t h e  p u p i l s .
X s in 0
X is a .vecto r quantity
We w o u l d  c o n c l u d e  t h a t  many p u p i l s  a r e  n o t  a w a re  t h a t  
1 i m p u l s e * i s  a v e c t o r  q u a n t i t y .
A s i g n i f i c a n t  num ber  o f  p u p i l s  
i n c l u d e  Box 7 ,  i n d i c a t i n g  t h a t  
t h e y  do n o t  r e a l l y  u n d e r s t a n d  
t h e  t e r m  Ts c a l a r  q u a n t i t y t
A s i g n i f i c a n t  num ber  o f  p u p i l s  
i n c l u d e  Box 1 2 ,  p e r h a p s  b e c a u s e  
o f  t h e  u n f a m i l i a r  n o t a t i o n .
X is  a scalar quantity
t  -  d(mv> 
dt
12
From t h e  l a r g e  n um b e r  o f  i r r e l e v a n t  c h o i c e s  made f o r  
* i m p u l s e T. we m u s t  c o n c l u d e  t h a t  t h i s  c o n c e p t  i s  n o t  
so  w e l l  u n d e r s t o o d  as some o f  t h e  o t h e r  c o n c e p t s .  
T h i s  may be due  t o  t h e  f a c t  t h a t  t h e  p u p i l s  w i l l  
h a v e  had  l e a s t  e x p e r i e n c e  o f  t h i s  c o n c e p t .
We now c o n s i d e r  t h e  r e s u l t s  f r o m  P a r t  B o f  t h e  t e s t  
m a t e r i a l .
T a b l e  4 8  g i v e s  a summary o f  t h e  r e s u l t s  f r o m  p a g e  5 
o f  t h e  t e s t  b o o k l e t .  On t h i s  p a g e ,  t h e  p u p i l s  w e re  
g i v e n  t h e  f i r s t  s t a t e m e n t  a b o u t  t h e  q u a n t i t y  X 
( " T h e  q u a n t i t y  X i s  p r o p o r t i o n a l  t o  t h e  mass o f  t h e
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b o d y " . )  The  f o l l o w i n g  r e s p o n s e s  w e r e  c o n s i d e r e d  
’ v a l i d ’ r e s p o n s e s :
’ m o m e n tu m ’ , ’ k i n e t i c  e n e r g y  1 . ’ p o t e n t i a l  e n e r g y 1
T w e i g h t  ’ and ’ d e n s i t y  f ,
As i n  t h e  1 9 7 9 - 8 0  t r i a l ,  ’ f o r c e 1 and ’ i m p u l s e ’ w e re  
n o t  a c c e p t e d  as ’ v a l i d ’ r e s p o n s e s  t o  t h e  g i v e n  
s t  a t e m e n t ,
O t h e r  r e s p o n s e s  i n c l u d e d  ’ a c c e l e r a t i o n ’ . ’ v e l o c i t y ’
and ’ e n e r g y ’ .
T a b l e  48 -  Summary o f  r e s u l t s  f r o m  p a g e  5 o f  t e s t  b o o k l e t
V a l i d  r e s p o n s e s  O t h e r  r e s p o n s e s  C o n f i d e n c e  r a t i n g
momentum = 68% f o r c e  = 45% 1 = 2 %
k i n e t i c  e n e r g y  = 59% i m p u l s e  = 9% 2 = 15%
p o t e n t i a l  e n e r g y  = 53% a c c e l e r a t i o n = 7% 3 = 49%
w e i g h t  = 26% o t h e r  = 15% 4 = 21%
d e n s i t y  = 12% 5 = 12%
The a v e r a g e  n u m b e r o f  r e s p o n s e s  i s  3 p e r  p u p i l , a n d ,
o f  t h o s e ,  74% a r e ’ v a l i d ’ r e s p o n s e s .  The m o s t
common ’ c o n f i d e n c e ’ r a t i n g i s  ” 1 t h i n k  i t  i s  • • « •
b u t  I  w o u l d  l i k e  m o re  i n f o r m a t i o n , ”
On p a g e  8 o f  t h e  t e s t  b o o k l e t ,  t h e  p u p i l s  w e r e  g i v e n  
t h e  s e c o n d  s t a t e m e n t  a b o u t  t h e  q u a n t i t y  X.  T a b l e  49  
g i v e s  a summary  o f  t h e  r e s u l t s  f r o m  p a g e  8 .
T a b l e  4 9  -  Summary o f  r e s u l t s  f r o m  p a g e  8 o f  t e s t  b o o k l e t
V a l i d  r e s p o n s e s  O t h e r  r e s p o n s e s  C o n f i d e n c e  r a t i n g
k i n e t i c  e n e r g y  = 55% momentum = 16% 1 = 24%
p o t e n t i a l  e n e r g y  = 22% f o r c e  = 8 %  2 = 34%
e n e r g y  = 6% i m p u l s e  = 2 %  3 = 32%
w o r k  d o n e  = 4 %  4 = 10%
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The a v e r a g e  num be r  o f  r e s p o n s e s  has  now f a l l e n  t o  
a b o u t  1 p e r  p u p i l ,  and t h e  p e r c e n t a g e  o f  ’ v a l i d ’ 
r e s p o n s e s  i s  u n c h a n g e d .  A l t h o u g h  ’ k i n e t i c  e n e r g y ’ 
and ’ p o t e n t i a l  e n e r g y ’ a r e  e q u a l l y  ’ v a l i d ’ , o n l y  a 
s m a l l  m i n o r i t y  o f  p u p i l s  o f f e r e d  b o t h  t h e s e  r e s p o n s e s .
The  m o s t  common ’ c o n f i d e n c e  r a t i n g ’ i s  s t i l l  ” 1 t h i n k  
i t  i s  . . . .  b u t  1 w o u l d  l i k e  more  i n f o r m a t i o n ” , b u t  
t h e r e  i s  a d i s t i n c t  s w i n g  t o w a r d s  ” 1 am s u r e  i t  m us t
T a b l e  50 g i v e s  a summary o f  t h e  r e s u l t s  f r o m  page  9 
o f  t h e  t e s t  b o o k l e t .  H e re  t h e  p u p i l s  w e re  g i v e n  a 
t h i r d  s t a t e m e n t  a b o u t  t h e  q u a n t i t y  X. O v e r  40% o f  
t h e  p u p i l s  c h o s e  t o  o m i t  pag e  9 by i n d i c a t i n g  a 
h i g h  ’ c o n f i d e n c e  r a t i n g ’ a t  page  8 .
T a b l e  50 -  Summary o f  r e s u l t s  f r o m  paoe  9 o f  t e s t  b o o k l e t
V a l i d  r e s p o n s e s  O t h e r  r e s p o n s e s  C o n f i d e n c e  r a t i n g
k i n e t i c  e n e r g y  = 58% momentum = 5 %  1 = 19%
p o t e n t i a l  e n e r g y  = 28% f o r c e  = 7 %  2 = 42%
e n e r g y  = 4% o t h e r  = 10% 3 = 31%
w o r k  d on e  = 3 %  4 = 8 %
Th e  a v e r a g e  n um be r  o f  r e s p o n s e s  i s  a b o u t  1 p e r  p u p i l ,  
b u t  t h e  p e r c e n t a g e  o f  ’ v a l i d ’ r e s p o n s e s  has  r i s e n  t o  
81%.
V e r y  f e w  p u p i l s  g a v e  b o t h  ’ k i n e t i c  e n e r g y ’ and 
’ p o t e n t i a l  e n e r g y ’ . ’ Work d o n e ’ was a c c e p t e d  as a 
’ v a l i d ’ r e s p o n s e  e v e n  t h o u g h  i t  a p p e a r e d  i n  t h e  s tem  
o f  t h e  m u l t i p l e - c h o i c e  q u e s t i o n  on page  9 .
Th e  m o s t  common ’ c o n f i d e n c e  r a t i n g ’ i s  s t i l l  ” 1 
t h i n k  i t  i s  ...........  b u t  I  w o u l d  l i k e  m ore  i n f o r m a t i o n ”
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On p ag e  10 o f  t h e  t e s t  b o o k l e t ,  t h e  p u p i l s  w e re  
a l l o w e d  t o  c h o o s e  one  o f  f i v e  g i v e n  q u e s t i o n s  o r  ask 
a q u e s t i o n  o f  t h e i r  own.  On page  1 1 ,  t h e  p u p i l s  
w e r e  a s k e d  t o  i d e n t i f y  t h e  q u a n t i t y  X, g i v e  i t s  
e q u a t i o n ,  i t s  u n i t s ,  and tw o  o t h e r  i m p o r t a n t  f a c t s  
a b o u t  t h e  q u a n t i t y  X. The same i n f o r m a t i o n  was 
a l s o  r e q u i r e d  on page  1 2 ,  b u t  no p u p i l  w o u ld  do  b o th  
t h e s e  p a g e s .
The f i v e  ques-fcions on page 10 produced th e  fo l lo w in g  
sp read  o f  c h o ic e s .
( 1 )  Can t h e  q u a n t i t y  X by r e s o l v e d  i n t o  c o m p o n e n t s ?  6%
( 2 )  I s  t h e  q u a n t i t y  X c o n s e r v e d  i n  e l a s t i c  c o l l i s i o n s ?  25%
( 3 )  I s  t h e  q u a n t i t y  X c o n s e r v e d  i n  i n e l a s t i c  c o l l i s i o n s ?  24%
( 4 ) I s  t h e  q u a n t i t y  X m e a s u r e d  i n  J ? 24%
( 5 ) I s  'tH e  q u a n t i t y  X p o s s e s s e d  by f a l l i n g  b o d i e s ?  17%
At t h i s  s t a g e ,  t h e  p u p i l  w i l l  h o p e f u l l y  be aw a re  t h a t  
Tk i n e t i c  e n e r g y 1 and p o t e n t i a l  e n e r g y 1 a r e  e q u a l l y  
p l a u s i b l e ,  and th e  p r o b le m  i s  t o  s e l e c t  a q u e s t i o n  
t h a t  w i l l  d i s c r i m i n a t e  between t h e s e  t w o  c o n c e p t s .
A l t h o u g h  we in tended  q u e s t i o n  3 t o  be su c h  a q u e s t i o n ,  
i t  c o u l d  be a r g u e d  t h a t  t h i s  assum es  t h e  i n e l a s t i c  
c o l l i s i o n  i n v o l v e s  no c h a n g e  i n  t h e  v e r t i c a l  d i s p l a c e m e n t .
I n  w h i c h  c a s e ,  no n e  o f  t h e  g i v e n  f i v e  q u e s t i o n s  w i l l  
c l e a r l y  d i s c r i m i n a t e  b e t w e e n  t h e  q u a n t i t i e s ,  and t h e  
p u p i l  m u s t  p h r a s e  a s u i t a b l e  q u e s t i o n  o f  h i s  own.
I t  i s  c l e a r  f r o m  t h e  r e s u l t s  t h a t  f e w  p u p i l s  a r g u e d  
i n  t h i s  w a y .  The  m a j o r i t y  o f  p u p i l s  had d e c i d e d  
t h a t  t h e  q u a n t i t y  X was f k i n e t i c  e n e r g y 1 , and c h o s e  
a q u e s t i o n  w h i c h ,  i n  t h e i r  v i e w ,  c o n f i r m e d  t h e i r  
c h o i c e .  T h i s  was c l e a r  f r o m  t h e  t y p e  o f  q u e s t i o n  
t h e y  c h o s e  t o  ask  ( e . g .  I s  t h e  q u a n t i t y  X k i n e t i c  
e n e r g y ? ” )
T a b l e  51 g i v e s  a summary o f  t h e  r e s u l t s  f r o m  page  11 
o f  t h e  t e s t  b o o k l e t .  The  r e s u l t s  f r o m  page  12 a r e  
g i v e n  i n  T a b l e  5 2 .
T a b l e  51. -  Summary o f  r e s u l t s  f r o m  paoe  11 o f  t h e  t e s t  
bo o k  l e t
Q u a n t i t y  X C o r r e c t  e q u a t i o n  -
Momentum
K i n e t i c  e n e r g y
P o t e n t i a l  e n e r g y
E n e r g y
F o r c e







C o r r e c t  u n i t s
Two o t h e r  f a c t s  -
One o t h e r  f a c t
No f a c t s
T a b l e  52 -  Summary o f  r e s u l t s  f r o m  page  12 o f '  t h e  t e s t  
b o o k l e t
Q u a n t i t y  X
Momentum = 7%
K i n e t i c  e n e r g y  = 63%
P o t e n t i a l  e n e r g y  = 24%
E n e r g y  = 2 ^
F o r c e  = 3%
C o r r e c t  e q u a t i o n  -  
C o r r e c t  u n i t s
T ujo  o t h e r  f a c t s  -
One o t h e r  f a c t  -
No f a c t s
We s h o u l d  e x p l a i n  t h a t  t h e  d e f i n i n g  e q u a t i o n ,  u n i t s  
and o t h e r  i m p o r t a n t  f a c t s  had t o  r e l a t e  t o  w h a t e v e r  
c o n c e p t  t h e  p u p i l  had i d e n t i f i e d  as t h e  q u a n t i t y  X.
We w e re  s u r p r i s e d  t o  n o t e  t h a t  many p u p i l s  had g r e a t  
d i f f i c u l t y  i n  w r i t i n g  down t h e  o t h e r  i m p o r t a n t  f a c t s .  
A common a n s w e r  was
" I s  c o n s e r v e d  i n  e l a s t i c  c o l l i s i o n s  
I s  n o t  c o n s e r v e d  i n  i n e l e s t i c  c o l l i s i o n s "
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A m ore  d e t a i l e d  a n a l y s i s  o f  t h e  r e s u l t s  f r o m  P a r t  B 
o f  t h e  t e s t  m a t e r i a l  i s  g i v e n  i n  A p p e n d i x  L .
liie now c o n s i d e r  t h e  r e s u l t s  f r o m  P a r t  C o f  t h e  t e s t  
m a t e r i a l .  ( F o r  c o n v e n i e n c e ,  t h e  c h a r t  C i s  r e p r o d u c e d  
h e r e )
C E ■i-t 3XJ
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When t h e  c o m p l e t e d  t e s t  b o o k l e t s  w e re  r e t u r n e d ,  s e v e r a l  
t e a c h e r s  i n d i c a t e d  t h a t  t h e  p u p i l s  had n o t  had e nou gh  
t i m e  t o  c o m p l e t e  a l l  t h e  m a t e r i a l #  We t h e r e f o r e  
a n t i c i p a t e d  t h a t  P a r t  C w o u ld  n o t  be a t t e m p t e d  
by many p u p i l s .  I n  f a c t  8 1 %  o f  t h e  p u p i l s  c o m p l e t e d  
a l l  o f  P a r t  C, and 94/o o f  th e m  a t t e m p t e d  p a r t  o f  i t .
The  f i r s t  p r o b l e m  on page  14 was s e t  o u t  as a
w o r k e d  e x a m p l e  t o  i l l u s t r a t e  t h e  m e t h o d .  T h i s
a p p e a r e d  t o  be s u f f i c i e n t  e x p l a n a t i o n  f o r  t h e  p u p i l s  
t o  u n d e r s t a n d  w h a t  t h e y  w e re  r e q u i r e d  t o  d o .
The  s e c o n d  p r o b l e m  on page  14 was c h o s e n  as a s t r a i g h t ­
f o r w a r d  a p p l i c a t i o n  o f  t h e  p r i n c i p l e  " l o s s  i n  k i n e t i c  
e n e r g y  = w o r k  done  a g a i n s t  r e s i s t a n c e " .
59/£ o f  p u p i l s  s u c c e e d e d  i n  c h o o s i n g  t h e  c o r r e c t  
s e q u e n c e  o f  b o x e s  ( i . e .  9,  11 ,  8 ,  l )  o r  en o u g h  t o  
show t h e y  u n d e r s t o o d  t h e  m e th o d  ( e . g .  9 ,  1 1 ,  8 o r  9,  8 l )  
I f  t h e y  o m i t t e d  t h e  v i t a l  box  ’ 8 ’ , t h e y  w e re  g i v e n  no 
c r e d i t .  T h u s  ( 9 ,  1 1 ,  l )  was n o t  an a c c e p t a b l e  a n s w e r .
P u p i l s  who r e c o r d e d  o n l y  ( 9 ,  11 )  w e re  assumed t o  
h a v e  no r e a l  i d e a  how t o  s o l v e  t h e  p r o b l e m .  A 
p u p i l  who r e c o r d e d  o n l y  ( 8 )  o r  ( l l ,  8)  may u n d e r s t a n d  
how t o  s o l v e  t h e  p r o b l e m ,  b u t  h as  n o t  g i v e n  eno ugh  
f o r  us  t o  be s u r e  he ca n  s o l v e  i t .
The  m o s t  common e r r o r  was t o  t r y  t o  i n v o l v e  box  3 i n  
some way ( e . g .  9 ,  3 ,  6 o r  3 ,  7 ,  6 ) .  V a r i o u s  
c o m b i n a t i o n s  o f  b o x e s  5 ,  6 and 7 w e re  a l s o  common 
( e . g .  5 ,  7 ,  6 o r  7 ,  6,  o r  5 ,  7 ,  3,  6) . I t  i s  c l e a r ,  
f r o m  s u c h  a n s w e r s ,  t h a t  many p u p i l s  had n o t  u n d e r s t o o d  
t h e  p r o b l e m .
The  t h i r d  p r o b l e m ,  on page  1 5 ,  was i n  t h r e e  p a r t s .
T h i s  c a u s e d  some c o n f u s i o n ,  s i n c e  some p u p i l s
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assum ed  t h e y  had t o  w r i t e  down,  i n  p a r t s  ( b )  and ( c ) ,  
t h e  n u m b e r s  o f  t h e  b o x e s  t h e y  had u s e d  i n  p a r t  ( a ) .
A l s o ,  i n  p a r t  ( b )  box  5 i s  u s e d  t w i c e ,  o n c e  f o r  t h e  
t r o l l e y  and o n c e  f o r  t h e  t r a y .  Some p u p i l s  w e re  
c o n f u s e d  by t h i s .
The  c o r r e c t  s e q u e n c e  o f  b o x e s  w o u l d  b e :
( a )  2 12 2 ( b )  5 ( c )  2 4 10
66/o o f  t h e  p u p i l s  g a v e  t h e  c o r r e c t  s e q u e n c e  f o r  p a r t  ( a ) ,
63% g a v e  ( 5 )  o r  ( 5 ,  5)  i n  p a r t  ( b )  b u t  o n l y  40% g a v e  t h e  
( 4 ,  10 )  c o m b i n a t i o n  w h i c h  was c o n s i d e r e d  e s s e n t i a l  f o r  
p a r t  ( c ) .
P a r t  ( c )  o f  t h i s  p r o b l e m  c a n  be s o l v e d  u s i n g  b o x e s  7 
and 6 ,  i f  we c a l c u l a t e  t h e  a c c e l e r a t i o n . o f  t h e ' t r a y , 
and t h e  f o r c e  n e c e s s a r y  t o  p r o d u c e  t h i s  a c c e l e r a t i o n .
I f  we i n c l u d e  t h e  r e s p o n s e  ( 7 ,  6)  i n  p a r t  ( c ) ,  t h e n  
t h e  p e r c e n t a g e  o f  p u p i l s  a n s w e r i n g  c o r r e c t l y  r i s e s  
t o  52%.
Many p u p i l s  t h o u g h t  i t  n e c e s s a r y ,  i n  t h i s  p r o b l e m ,  t o  
a n n o t a t e  t h e i r  a n s w e r  w i t h  an e x p l a n a t i o n  o f  why t h e y  
had  p u t  down c e r t a i n  b ox  n u m b e r s .  T h i s  may,  i n d i c a t e  
t h a t  n o t  e v e r y  p r o b l e m  l e n d s  i t s e l f  t o  t h i s  t e c h n i q u e  
o f  j u s t  s t a t i n g  t h e  p r o p o s i t i o n  t o  be a p p l i e d .  I n  
some p r o b l e m s ,  more  s p e c i f i c  d e t a i l s  w i l l  be r e q u i r e d .
We n o t e d  t h a t  many p u p i l s  w o r k e d  o u t  t h e i r  a n s w e r  on 
p a p e r ,  and t h e n  r e f e r r e d  t o  t h e  c h a r t  t o  s e l e c t  t h e  
a p p r o p r i a t e  b ox  n u m b e r s .  T h i s  may be t h e i r  m e th o d  
o f  o v e r c o m i n g  t h e  p r o b l e m  o f  h o l d i n g  t h e  e n t i r e  
s e q u e n c e  o f  s t e p s  i n  w o r k i n g  m e m ory .
We a l s o  n o t e d ,  w i t h  i n c o m p l e t e  a n s w e r s ,  t h a t  t h e
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p u p i l  seemed t o  kn ow  how t o  s t a r t  a n d / o r  how t o  end 
t h e  s e q u e n c e .  T h e i r  p r o b l e m  was t o  l i n k  t h e  s t a r t  
o f  t h e  s e q u e n c e  t o  t h e  e n d .
S o m e t im e s  t h e  p u p i l  uias a l l  t o o  c l e a r l y  a w a re  o f  t h e  
d i f f i c u l t i e s ,  as t h e  f o l l o w i n g  e x a m p le  sh o w s :
PAGE 15
PROBLEM 3 (1980 H-Grade P hysics, Paper 2 , Q2)
An "explosive" dynamics t r o l le y  of mass 1 kg is  placed in  a 
shallow tra y  of mass 10 kg which r e s ts  on a fix ed , le v e l, 




tro lle y .
compressed 
sp rin g -------
un
,  0.-25 m r pP
shallow tray  £2
_____ aa-.
1 ”
\W 1c£a da jjj
1- 0 0  m H
p..............  - . . . .  --- fcj
f ixed , level, frictionless surface
plasticine
When the compressed sp ring  is  re le a se d , the plunger h i t s  the 
w all of the shallow tra y  causing the t ro l le y  to move to  the 
r ig h t  a t  a speed of 0.50 m s r e la t iv e  to  the fixed su rface . 
The tray  moves to  the l e f t .  When the t ro l le y  s tr ik e s  the 
opposite  w all o f the tra y , which is  covered with p la s t ic in e ,  
the whole system comes to  r e s t  again.
(a) C alcu late  the v e lo c ity  with which the tray  moves to the ^
l e f t . A o
* 0
(b) C alcu late the d is tan ce  which the tray  moves before coming 
to  r e s t .  <****" . ^
(c) The time fo r which the plunger is  in contact with the wall
o f the tray  is  0.02 s . C alcu late the average force exerted
by the plunger on the wall of the tra y .
\  ^ 1 co wA 6- y v^ d.
X  o - -  f  _  r rv  O-




I n  t h e  f o u r t h  p r o b l e m ,  on p ag e  16 ,  i t  was c l e a r  t h a t  
m o s t  p u p i l s  a p p r e c i a t e d  t h a t  t h e  f i r s t  s t e p  was t o  
c a l c u l a t e  t h e  s p e e d  o f  t h e  t r o l l e y  b e f o r e  i t  h i t  t h e  
s t r e t c h e d  e l a s t i c  b a n d .  T h u s  63/o o f  t h e  a n s w e r s  
s t a r t e d  w i t h  b o x  5 ,  U n f o r t u n a t e l y  o n l y  1 0 %  g ave  
t h e  c o r r e c t  c o n t i n u a t i o n  o f  t h e  s e q u e n c e  ( i e ,
5 ,  1 1 ,  8 ,  l ) ,  H o s t  t h o u g h t  t h a t  t h e  s e q u e n c e  was 
( 5 ,  7 ,  6 ) ,  w h i c h  i s  w ro n g  b e c a u s e  i t  assum es  a 
c o n s t a n t  f o r c e .
Th e  e x p e c t e d  s e q u e n c e  f o r  p a r t  ( b )  o f  t h i s  p r o b l e m  
was ( 2 ,  4 ,  10 )  b u t  an a l t e r n a t i v e  s e q u e n c e  ( 6 ,  7 )  
was a l s o  f r e q u e n t l y  u s e d .  A c c e p t i n g  e i t h e r  o f  t h e s e ,  
Al/o o f  t h e  p u p i l s  w e re  a b l e  t o  do p a r t  ( b ) .
T h e  t e c h n i q u e  u s e d  i n  P a r t  6 o f  t h e  t e s t  m a t e r i a l  was 
b e i n g  t r i e d  f o r  t h e  f i r s t  t i m e  and h a s  p r o v e d  r e a s o n a b l y  
s u c c e s s f u l .  The  p u p i l s  w e re  a b l e  t o  u se  t h e  t e c h n i q u e  
w i t h o u t  o b v i o u s  d i f f i c u l t i e s , ( e x c e p t  w h e r e  a g i v e n  
p r o p o s i t i o n  was u s e d  more  t h a n  o n c e  i n  t h e  same 
p r o b l e m  o r  p a r t  o f  a p r o b l e m ) .  I t  show ed  t h a t  m os t  
p u p i l s  c o u l d  l i n k  t h r e e  o r  f o u r  p r o p o s i t i o n s  
t o g e t h e r  i n  t h e  c o r r e c t  s e q u e n c e  t o  s o l v e  a g i v e n  
p r o b l e m  and i t  i d e n t i f i e d  b o t h  p u p i l s  who w e re  
u s i n g  t h e  w ro n g  s e q u e n c e  and p u p i l s  who had o n l y  
p a r t  o f  t h e  s e q u e n c e .  To g e t  t h e  m o s t  b e n e f i t  
f r o m  u s i n g  t h i s  t e c h n i q u e ,  i t  w o u l d  be n e c e s s a r y  f o r  
t h e  t e a c h e r  t o  m o n i t o r  e ach  p u p i l ’ s r e s p o n s e s  and ,  
as n e c e s s a r y ,  t o  d i s c u s s  i n c o r r e c t  a n d / o r  p a r t i a l l y  
c o r r e c t  s e q u e n c e s  w i t h  t h e  p u p i l .  F rom t h e  p u p i l ’ s 
p o i n t  o f  v i e w ,  t h e r e  i s  j u s t  as much t h o u g h t  
r e q u i r e d  t o  w r i t e  down t h e  s e q u e n c e  o f  p r o p o s i t i o n s  
as t o  c o m p l e t e  t h e  p r o b l e m .  T h e  t e a c h e r ,  h o w e v e r ,  
ca n  g e t  a c l e a r e r  p i c t u r e  o f  w h a t  ea ch  p u p i l  i s  
t h i n k i n g  f r o m  s u c h  a s e q u e n c e .  By c o n c e n t r a t i n g  
t h e  p u p i l ’ s a t t e n t i o n  on t h e  c o n c e p t s  and p r i n c i p l e s  
i n v o l v e d  i n  any g i v e n  p r o b l e m ,  we t h i n k  t h e  t e c h n i q u e  
c o u l d  i m p r o v e  a p u p i l ’ s p r o b l e m  s o l v i n g  a b i l i t y ,
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and a t  t h e  same t i m e ,  i m p r o v e  h i s  u n d e r s t a n d i n g  o f  t h e  
c o n c e p t s  and p r i n c i p l e s  i n v o l v e d .
I n  t h e o r y ,  t h e r e  i s  no r e a s o n  why t h e  s c o r i n g  o f  a
p u p i l ’ s r e s p o n s e  c o u l d  n o t  be done  by c o m p u t e r .  The
p u p i l 1 s s c o r e  w o u l d  be made up o f  tw o  p a r t s :
( a )  a ’ r e l e v a n c e ’ s c o r e  and ( b )  a ’ s e q u e n c e ’ s c o r e .
T h e  ’ r e l e v a n c e ’ s c o r e  w o u l d  be an i n d e x  w h i c h  m e a s u r e s  
t h e  p u p i l ’ s a b i l i t y  t o  s e l e c t  t h e  r e l e v a n t  b o x e s  f r o m  
t h e  c h a r t .  I t  c o u l d  be c o m p u te d  as
tn  •, t Number o f  ’ r e l e v a n t ’ b o x e s  c h o s e n  -’ R e l e v a n c e ’ s c o r e  = t j  r  5------------ r r n ------? ;-----------7—r ------Number o f  p o s s i b l e  ’ r e l e v a n t  b o x e s
Number o f  ’ i r r e l e v a n t ’ b o x e s  c h o s e n  
T o t a l  num be r  o f  b o x e s  c h o s e n
T h i s  i n d e x  w o u l d  v a r y  b e t w e e n  +1 ( o n l y  ’ r e l e v a n t ’ b o x e s  
c h o s e n )  and - 1  ( o n l y  ’ i r r e l e v a n t ’ b o x e s  c h o s e n )
To c a l c u l a t e  t h e  ’ s e q u e n c e ’ s c o r e ,  we m u s t  f i r s t  g e t  
r o u n d  t h e  p r o b l e m  o f  m i s s i n g  c h a r a c t e r s ’ ( e . g .  i f  t h e  
a g r e e d  c o r r e c t  s e q u e n c e  i s  5841  b u t  t h e -  p u p i l ’ s 
r e s p o n s e  i s  8 4 l ) • We s i m p l y  re m o ve  f r o m  t h e  a g r e e d  
c o r r e c t  s e q u e n c e  any  c h a r a c t e r s  n o t  i n c l u d e d  i n  t h e  
p u p i l f s i n p u t  ( a n d  p o s s i b l y  im p ose  a p e n a l t y  s c o r e  
o f  - 1  f o r  each  d e l e t i o n ) .  We t h e n  h a v e  tw o  s e q u e n c e s  
w h i c h  c o n t a i n  t h e  same c h a r a c t e r s  and we c o m p a r e  the m  
d i r e c t l y .  I f  we t a k e  a l l  t h e  p o s s i b l e  s u l b - s e q u e n c e s  o f  
t h e  p u p i l ’ s s e q u e n c e ,  we ca n  s c o r e ,  s a y ,  +1 f o r  each  
s u b —s e q u e n c e  w hose  e l e m e n t s  a r e  o r d e r e d  as i n  t h e  
c o r r e c t  s e q u e n c e .  F o r  e x a m p l e ,  t h e  s e q u e n c e  5841  
h a s 3 u b * s e q u e n c e s  5 8 ,  8 4 ,  4 1 ,  5 8 4 ,  8 4 1 .  The  maximum 
p o s s i b l e  s c o r e  f o r  a s e q u e n c e  o f  f o u r  c h a r a c t e r s  i s  
t h u s  5 . I f  t h e  p u p i l ’ s s e q u e n c e  was ,  s a y ,  8541  t h e n ,  






541 _ 1 Total =
If required, this 'sequence* score can be reduced to 
a figure between 0 and 1 by dividing by the number of 
sub-sequences.
A computer program has been written to do this, but 
we have not yet tried it out with real data. We 
see no practical reason, however, why it should not 
be possible to use the computer to score extended 
answer questions if we are agreed on the ’correct’ 
answers.
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CHAPTER 8 -  CUNCLUSIDNS AND RECOMMENDATIONS
I n t r o d u c t i o n
I n  t h i s  f i n a l  c h a p t e r ,  we w i l l  t r y  t o  r e l a t e  t h e  r e s u l t s  
o f  o u r  i n v e s t i g a t i o n s  t o  t h e  t h e o r i e s  o f  l e a r n i n g  d e s c r i b e d  
i n  c h a p t e r  2 ,  and w i l l  make some t e n t a t i v e  c o n c l u s i o n s  
a b o u t  t h e  p u p i l s 1 u n d e r s t a n d i n g  o f  c o n c e p t s  i n  m e c h a n i c s .
We w i l l  a l s o  c o n s i d e r  some p o s s i b l e  i m p l i c a t i o n s  o f  s u c h  
c o n c l u s i o n s  f o r  t h e  c l a s s r o o m  t e a c h e r ,  and make some 
r e c o m m e n d a t i o n s  w h i c h ,  we h o p e ,  c o u l d  l e a d  t o  some g e n e r a l  
i m p r o v e m e n t  i n  c o n c e p t  l e a r n i n g .
R e l a t i n g  t h e  r e s u l t s  t o  c o n c e p t  l e a r n i n g  t h e o r y
We s t a r t  by  r e v i e w i n g  some o f  t h e  more  i m p o r t a n t  i d e a s  o f  
c o n c e p t  l e a r n i n g .
K l a u s m e i e r  e t  a l  ( 1 0 )  h a v e  d e s c r i b e d  a m o d e l  o f  c o n c e p t u a l  
l e a r n i n g  and  d e v e l o p m e n t  w h i c h  c o n t a i n s  f o u r  s t a g e s  o r  
l e v e l s :  ( l )  c o n c r e t e  l e v e l  ( 2 )  i d e n t i t y  l e v e l
( 3 )  c l a s s i f a c t o r y  l e v e l  and ( 4 )  f o r m a l  l e v e l .  O n l y  
t h e  c l a s s i f a c t o r y  l e v e l  and t h e  f o r m a l  l e v e l  a r e  r e l e v a n t  
t o  o u r  i n v e s t i g a t i o n .
” A t t a i n i n g  a c o n c e p t  a t  t h e  c l a s s i f a c t o r y  l e v e l  i n v o l v e s  
g e n e r a l i s i n g  t h a t  t w o  o r  m ore  d i s c r i m i n a b l y  d i f f e r e n t  
s t i m u l i  a r e  e q u i v a l e n t  on  some b a s i s *  A t  t h i s  l e v e l ,
s u b j e c t s  c a n  r e l i a b l y  c l a s s i f y  s t i m u l i  i n t o  c l a s s e s ,  b u t  
may n o t  be a b l e  t o  d e f i n e  t h e  c o n c e p t  i n  t e r m s  o f  i t s
r e l e v a n t  a t t r i b u t e s  ............ A t t a i n m e n t  o f  t h e  f o r m a l
l e v e l  o f  c o n c e p t  m a s t e r y  r e q u i r e s  t h a t  t h e  s u b j e c t  be a b l e  
t o  name t h e  c o n c e p t  and d e f i n e  t h e  c o n c e p t  i n  t e r m s  o f  i t s  
r e l e v a n t  a t t r i b u t e s ” .
M a r k l e  and T i e m a n n  ( 9 7 )  s t a t e  t h a t  ” t o  r e a l l y  u n d e r s t a n d  
a c o n c e p t  i s  t o  be a b l e  t o  g e n e r a l i s e  t o  a l l  p o s s i b l e  
i n s t a n c e s  t h a t  m i g h t  be p r e s e n t e d  and t o  be a b l e  t o  
d i s c r i m i n a t e  a l l  p o s s i b l e  n o n - i n s t a n c e s ,  i n c l u d i n g  t h o s e  
t h a t  b e a r  a s t r o n g  r e s e m b l a n c e  t o  t h e  members  o f  t h e  
c l a s s .  T h e s e  a r e  t h e  k e y  b e h a v o u r s  t h a t  d i s t i n g u i s h  an 
e x p e r t ,  s u c h  as a p h y s i c i s t ,  f r o m  non e x p e r t s ”
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A c c o r d i n g  t o  M a r k l e  and T ie m a n n  ( 1 1 ) ,  o v e r —g e n e r a l i s a t i o n  
o c c u r s  when a n o n —e x a m p l e  i s  c l a s s i f i e d  as an e x a m p l e ;  u n d e r  
g e n e r a l i s a t i o n  o c c u r s  when an e x a m p l e  i s  c l a s s i f i e d  as a n o n ­
e x a m p l e ;  and a m i s c o n c e p t i o n  o c c u r s  when i t e m s  a r e  
i n c o r r e c t l y  c l a s s i f i e d  on t h e  b a s i s  o f  an i r r e l e v a n t  
a t t r i b u t e .
The  t e s t  m a t e r i a l  we d e v i s e d  f o r  t h e  i n v e s t i g a t i o n  was 
i n t e n d e d  t o  c h e c k  t h a t  t h e  p u p i l  had a t t a i n e d  a t  l e a s t  
t h e  c l a s s i f a c t o r y  l e v e l  o f  e a c h  c o n c e p t .  I n  t h e  l a t t e r  
p a r t  o f  t h e  m a t e r i a l ,  t h e  p u p i l  was r e q u i r e d  t o  s t a t e  
e x p l i c i t l y  t h e  s o c i e t a l l y  a c c e p t e d  d e f i n i n g  a t t r i b u t e s  
f o r  a c h o s e n  c o n c e p t ,  t h a t  i s ,  t o  show h i s  a t t a i n m e n t  o f  
t h e  c o n c e p t  a t  a f o r m a l  l e v e l .  Uie n o t e d  t h a t  a 
s i g n i f i c a n t  p r o p o r t i o n  o f  p u p i l s  w e re  u n a b l e  t o  g i v e  t h e  
! d e f i n i n g  e q u a t i o n 1 f o r  t h e i r  c h o s e n  c o n c e p t .  M o re  
i m p o r t a n t l y ,  p e r h a p s ,  we n o t e d  an e v e n  g r e a t e r  p r o p o r t i o n  
w e r e  u n a b l e  t o  s t a t e  tw o  o t h e r  i m p o r t a n t  f a c t s  a b o u t  t h e i r  
c h o s e n  c o n c e p t .  T h i s  c o u l d  i m p l y  t h a t  by no means a l l  
p u p i l s  h a v e  a t t a i n e d  t h e  c o n c e p t  a t  a f o r m a l  l e v e l ,  and 
a r e  s t i l l  o p e r a t i n g  a t  t h e  c l a s s i f a c t o r y  l e v e l .
T h e  5 x 5  c h a r t  u s e d  i n  t h e  1 9 7 9 - 8 0  t r i a l s  c h e c k e d  t h a t  t h e  
p u p i l s  c o u l d  r e c o g n i s e  t h e  ’ d e f i n i n g  e q u a t i o n 7 f o r  each  
c o n c e p t .  T h e  r e s u l t s  show ed  t h a t  t h e  m a j o r i t y  o f  p u p i l s ,  
a t  a l l  s t a g e s  f r o m  0 - G r a d e  u p w a r d s ,  c o u l d  c o r r e c t l y  i d e n t i f y  
t h e  ’ d e f i n i n g  e q u a t i o n 1 f o r  e ach  c o n c e p t .  F rom t h i s  we can  
o n l y  c o n c l u d e  t h a t  ’ r e c o g n i s i n g 1 t h e  d e f i n i n g  e q u a t i o n  i s  
somehow e a s i e r  t h a n  ’ s t a t i n g ’ t h e  d e f i n i n g  e q u a t i o n .
C l a s s i f y i n g  b o x e s  on t h e  c h a r t  as e x a m p le s  o r  n o n - e x a m p l e s  
o f  a g i v e n  c o n c e p t  r e v e a l e d  some common c a s e s  o f  o v e r -  
g e n e r a l i s a t i o n  ( e . g .  any  b ox  c o n t a i n i n g  t h e  t e r m  ’ c o l l i s i o n ’ 
r e f e r r e d  t o  ’ m o m e n tu m ’ ) and u n d e r - g e n e r a l i s a t i o n  ( e . g .
” X i s  a s c a l a r  q u a n t i t y ”  d o e s  n o t  r e f e r  t o  ’ k i n e t i c  e n e r g y ’ ) 
( T h e r e  may a l s o  h a v e  b e e n  i d i o s y n c r a t i c  e x a m p l e s  o f  m i s ­
c o n c e p t i o n s ,  b u t  we d i d  n o t  l o o k  e s p e c i a l l y  f u r  s u c h  e x a m p l e s . )
Two p a r t i c u l a r  e x a m p l e s  w e re  v e r y  common:
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( i )  1 m o m e n tum T u a s  t r e a t e d  as a s c a l a r  q u a n t i t y  i n  b o x e s
w h e r e  t h e  i n f o r m a t i o n  was p r e s e n t e d  as a d i a g r a m  
( e . g .  Box 2 on t h e  c h a r t )
( i i )  1f o r c e T was t h e  o n l y  v e c t o r  q u a n t i t y  w h i c h  was
r e c o g n i s e d  as b e i n g  r e s o l v a b l e  i n t o  c o m p o n e n t s  
( e . g .  Box 21 on t h e  c h a r t ) .
Gagne (24 ,49 ) ,  Ausub e l  ( 1 7 )  and A u s u b e l  and R o b i n s o n  ( 4 4 )  
h a v e  d e s c r i b e d  t h e  c o n d i t i o n s  f o r  t h e  l e a r n i n g  o f  w h a t  
Gagne h as  c a l l e d  * p r i n c i p l e s 1 o r  1 r u l e s 1 and w h a t  A u s u b e l  
a n d  R o b i n s o n  h a v e  c a l l e d  1 p r o p o s i t i o n s * .  A c c o r d i n g  t o
G a g n e ,  c o n c e p t  l e a r n i n g  i s  p r e r e q u i s i t e  t o  l e a r n i n g  r u l e s ,  
and  r u l e  l e a r n i n g  i s  p r e r e q u i s i t e  t o  p r o b l e m  s o l v i n g .
A c c o r d i n g  t o  A u s u b e l ,  m e a n i n g f u l  l e a r n i n g ,  i n  c o n t r a s t  t o  
r o t e  l e a r n i n g ,  m u s t  be r e l a t a b l e  t o  t h e  k n o w l e d g e  one  
a l r e a d y  h a s ,  and m u s t  be i n c o r p o r a t e d  i n t o  o n e ’ s e x i s t i n g  
c o g n i t i v e  s t r u c t u r e .
T h e  r e s u l t s  we o b t a i n e d  f r o m  t h e  p u p i l  t e s t s ,  d e s c r i b e d  
i n  c h a p t e r  4 ,  and t h e  f i e l d  t e s t s  o f  t h e  s p e c i a l l y  d e v i s e d  
t e s t  m a t e r i a l ,  d e s c r i b e d  i n  c h a p t e r s  6 and 7 ,  w o u l d  i n d i c a t e  
t h a t  r o t e  l e a r n i n g  o f  c o n c e p t s  and p r i n c i p l e s  i s  n o t  uncommon,  
p a r t i c u l a r l y  a t  0 - G r a d e .  The  a t t r i b u t e s  o f  t h e  c o n c e p t  w h i c h  
w e r e  m o s t  f r e q u e n t l y  s e l e c t e d  w e r e  a l s o  t h e  a t t r i b u t e s  w h i c h  
c o u l d  be r o t e  l e a r n e d  ( e . g .  t h e  d e f i n i n g  e q u a t i o n ,  t h e  u n i t s  
i n  w h i c h  t h e  c o n c e p t  was m e a s u r e d ) .  The  p u p i l s  c o u l d  s t a t e , 
f o r  e x a m p l e ,  t h a t  TmomentumT was a v e c t o r  q u a n t i t y ,  b u t  w e re  
f r e q u e n t l y  u n a b l e  t o  r e c o g n i s e  an i n s t a n c e  o f  a v e c t o r  
q u a n t i t y .  S i m i l a r l y ,  t h e y  w e r e  a b l e  t o  s t a t e  t h a t  
! k i n e t i c  e n e r g y 1 was c o n s e r v e d  i n  an e l a s t i c  c o l l i s i o n ,  b u t  
w e r e  u n a b l e  t o  r e c o g n i s e  an i n s t a n c e  o f  an e l a s t i c  c o l l i s i o n .  
T h e r e  was some e v i d e n c e  t h a t  some d i a g r a m s  may be r o t e  l e a r n e d  
( e . g .  Box 21 f o r  ’ f o r c e ' .  B oxe s  5 ,  10 and 18 f o r  ’ m o m e n tu m / ,
Box 17 f o r  1 p o t e n t i a l  e n e r g y 1, and B oxes  1 and 22 f o r  1 i m p u l s e 1) *
The l i k e l i h o o d  o f  p u p i l s  g i v i n g  ! r o t e  l e a r n e d T r e s p o n s e s  i s  
much g r e a t e r  i n  some p a r t s  o f  t h e  t e s t  m a t e r i a l  t h a n  i n  
o t h e r s .  To o b t a i n  t h e  m o s t  v a l i d  m e a s u r e  o f  c o n c e p t  
u n d e r s t a n d i n g ,  we s h o u l d  t h e r e f o r e  l o o k  a t  t h e  p a r t s
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o f  t h e  t e s t  m a t e r i a l  l u h i c h  w e re  l e a s t  l i k e l y  t o  be a f f e c t e d  
by ’ r o t e  l e a r n e d *  r e s p o n s e s .  One s u c h  p a r t  w o u l d  be t h e  
s e q u e n c e  o f  n i n e  s t a t e m e n t s  a b o u t  t h e  q u a n t i t y  X.  I f  we 
l o o k  a t  t h e  nu m b e r  and t h e  v a r i e t y  o f  t h e  * v a l i d *  r e s p o n s e s  
g i v e n  by ea ch  g r o u p ,  t h e n  we can  see  a m a rk e d  i n c r e a s e  i n  
b o t h  t h e  n um b e r  and v a r i e t y  o f  * v a l i d *  r e s p o n s e s  as we move ■ 
f r o m  t h e  0 —G ra d e  p u p i l s  t o  t h e  B . S c .  s t u d e n t s .  T h e  t e a c h e r s  
g i v e  as many ’ v a l i d 1 r e s p o n s e s  as t h e  B . S c .  s t u d e n t s ,  b u t  
t h e  v a r i e t y  o f  t h e i r  r e s p o n s e s  i s  m ore  l i m i t e d .  lile w o u ld  
e x p l a i n  t h i s  i n  t e r m s  o f  e v e r y d a y  u s a g e  o f  t h e  c o n c e p t s .
T h e  t e a c h e r s  a r e  l e s s  l i k e l y  t o  s u g g e s t  c o n c e p t s  s u c h  as 
’ moment  o f  i n e r t i a * o r  * a n g u l a r  momentum* b e c a u s e  t h e y  a r e  
n o t  u s i n g  s u c h  c o n c e p t s  i n  t h e i r  day  t o  day  t e a c h i n g .  I n  
t h e  same w a y ,  we w o u l d  e x p l a i n  t h e  v e r y  p o o r  p e r f o r m a n c e  
o f  t h e  s t u d e n t  t e a c h e r s ,  who,  i n  a l m o s t  a l l  c a s e s ,  w i l l  
n o t  h a v e  u s e d  c o n c e p t s  i n  m e c h a n i c s  s i n c e  t h e y  l e f t  s c h o o l .
I n  o t h e r  w o r d s ,  c o n c e p t  u n d e r s t a n d i n g  may be  d e p e n d e n t  on 
how r e c e n t l y  t h e  c o n c e p t  was l e a r n e d  and on how f r e q u e n t l y  
t h e  c o n c e p t  h as  been  u s e d .  I t  w o u l d  a p p e a r  t h a t  c o n c e p t s  
w h i c h  w e r e  l e a r n e d  some t i m e  ago and h a v e  n o t  bee n  
f r e q u e n t l y  u s e d  s i n c e  t h e y  w e r e  f i r s t  l e a r n e d  a r e  no 
l o n g e r  r e a l l y  u n d e r s t o o d .  C o n v e r s e l y  c o n t i n u e d  f r e q u e n t  
u s e  o f  a c o n c e p t  l e a d s  t o  an i m p r o v e d  u n d e r s t a n d i n g  o f  t h e  
c o n c e p t ,  as e v i d e n c e d  by t h e  s i g n i f i c a n t  i n c r e a s e  i n  a 
p u p i l ’ s p e r f o r m a n c e  b e t w e e n  0 - G r a d e  and H - G r a d e .
T h e  f a c t o r s  w h i c h  a f f e c t  t h e  a t t a i n m e n t  o f  c o n c e p t s  and 
p r i n c i p l e s  may be g r o u p e d  i n t o  t h r e e  c a t e g o r i e s !
( i )  t h e  c h a r a c t e r i s t i c s  o f  t h e  l e a r n e r
( i i )  t h e  c h a r a c t e r i s t i c s  o f  t h e  l e a r n i n g  s i t u a t i o n
( i i i )  t h e  c h a r a c t e r i s t i c s  o f  t h e  c o n c e p t .
V a r i o u s  s t u d e n t s  h a v e  shown t h a t  p e r f o r m a n c e  on c o n c e p t  
a t t a i n m e n t  t a s k s  i m p r o v e s  w i t h  a g e .  The  r e s u l t s  f r o m  o u r  
p u p i l  t e s t s ,  d e s c r i b e d  i n  c h a p t e r  4 ,  showed a h i g h l y  
s i g n i f i c a n t  i m p r o v e m e n t  b e t w e e n  0 - G r a d e  ( S 4 )  and 
H - G r a d e  ( S 5 ) .  S i m i l a r  i m p r o v e m e n t  was e v i d e n t  i n  t h e  
1 9 7 9 - 8 0  and  1 9 8 0 - 8 1  f i e l d  t r i a l s .  We w o u l d  e x p l a i n  t h i s  
i m p r o v e m e n t  w i t h  age  as a c o n s e q u e n c e  o f  t h e  p u p i l  h a v i n g  
d e v e l o p e d  a m o re  h i g h l y  e l a b o r a t e d  c o g n i t i v e  s t r u c t u r e  and
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an i m p r o v e d  a b i l i t y  t o  r e a s o n  l o g i c a l l y .  T h e r e  i s  no 
s i g n i f i c a n t  d i f f e r e n c e  i n  p e r f o r m a n c e  b e t w e e n  t h e  0 - G r a d e  
and H—G r a d e  p u p i l s  on t a s k s  w h i c h  i n v o l v e  no m ore  t h a n  
r o t e - l e a r n i n g .
I n  o u r  i n v e s t i g a t i o n ,  we d i d  n o t  a t t e m p t  t o  c o n t r o l  t h e  
l e a r n i n g  s i t u a t i o n  i n  any w a y .  We w e r e  i n t e r e s t e d  o n l y  
i n  t r y i n g  t o  a s s e s s  t h e  l e v e l  o f  c o n c e p t  u n d e r s t a n d i n g  
a c h i e v e d .  We n o t e d  m i n o r  v a r i a t i o n s  i n  t h e  p a t t e r n  o f  
r e s p o n s e s  b e t w e e n  d i f f e r e n t  s c h o o l s  b u t ,  s i n c e  t h e  o v e r a l l  
d i f f e r e n c e s  w e r e  i n s i g n i f i c a n t ,  we d i d  n o t  a t t e m p t  t o  t r a c e  
t h e s e  d i f f e r e n c e s  b a c k  t o  some v a r i a t i o n  i n  t h e  l e a r n i n g  
s i t u a t i o n .
K l a u s m e i e r  e t  a l  ( 1 0 )  h a v e  n o t e d  s e v e r a l  a s p e c t s  o f  t h e  
l e a r n i n g  s i t u a t i o n  w h i c h  a f f e c t  c o n c e p t  m a s t e r y :  
n 0 n e  a s p e c t  i s  t h e  t y p e  o f  i n f o r m a t i o n  g i v e n .  A r a t i o n a l  
s e t  o f  b o t h  p o s i t i v e  and n e g a t i v e  i n s t a n c e s ,  v e r b a l  c u e s  
c o n c e r n i n g  r e l e v a n t  a t t r i b u t e s ,  t h e  c o n c e p t  d e f i n i t i o n  w i t h  
p r o m p t i n g  q u e s t i o n s  r e l a t e d  t o  t h e  d e f i n i t i o n ,  s y n o n y m s ,  and 
s e n t e n c e s  u s i n g  t h e  c o n c e p t  names h a v e  a l l  been  shown t o  
f a c i l i t a t e  c o n c e p t  a t t a i n m e n t .  I n  g e n e r a l ,  p r o v i d i n g  a 
c o m b i n a t i o n  o f  t h e s e  t y p e s  o f  i n f o r m a t i o n  i s  b e t t e r  t h a n  
p r o v i d i n g  a s i n g l e  t y p e .  The  am o u n t  o f  i r r e l e v a n t  
i n f o r m a t i o n  s h o u l d  be m i n i m i s e d .  C o n c e p t  i n s t a n c e s  s h o u l d  
be  p r e s e n t e d  s i m u l t a n e o u s l y  and a m p le  t i m e  s h o u l d  be  a l l o w e d  
f o r  s t u d y ” .
T h e s e  s u g g e s t i o n s ,  t o g e t h e r  w i t h  t h e  a d v i c e  g i v e n  by 
J o h n s t o n e  r e g a r d i n g  ’ i n f o r m a t i o n  o v e r l o a d ’ ( s e e  p a g e  43 ) ,  
may h e l p  t h e  c l a s s r o o m  t e a c h e r  when i n t r o d u c i n g  new c o n c e p t s  
and d e v e l o p i n g  e x i s t i n g  c o n c e p t s .
K l a u s m e i e r  e t  a l  ( 1 0 )  make t h e  i m p o r t a n t  p o i n t  t h a t  t h e  
’ v a l i d i t y ’ o f  a c o n c e p t  w i l l  a f f e c t  t h e  e a s e  w i t h  w h i c h  
p u p i l s  c a n  a t t a i n  t h e  c o n c e p t ” # I f  e x p e r t s  d i s a g r e e  on 
t h e  d e f i n i n g  a t t r i b u t e s  o f  a c o n c e p t ,  t h e y  w i l l  a l s o  
d i s a g r e e  on  w h i c h  i n s t a n c e s  a r e  e x a m p l e s  o f  t h e  c o n c e p t  
and  w h i c h  a r e  n o n —e x a m p l e s .  I n c o n s i s t e n c i e s  i n  t h e  
c h a r a c t e r i s t i c s  o f  e x a m p l e s  g i v e n  by e x p e r t s  make i t  
d i f f i c u l t  f o r  t h e  l e a r n e r  t o  i n f e r  common d e f i n i n g  
a t t r i b u t e s  f o r  t h e  c o n c e p t ” .
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By h a v i n g  t h e  5 x 5  c h a r t  ’ v a l i d a t e d !  a n um be r  o f  s u b j e c t -  
m a t t e r  e x p e r t s ,  we w e r e  r e a s o n a b l y  c o n f i d e n t  t h a t  we had 
c o r r e c t l y  i d e n t i f i e d  i n s t a n c e s  and n o n —i n s t a n c e s  o f  e ach  
c o n c e p t .  H o w e v e r ,  we d i d  n o t e  some m i n o r  i n c o n s i s t e n c i e s ,  
p a r t i c u l a r l y  w i t h  t h e  c o n c e p t s  o f  M o m e n t u m 1 and ’ i m p u l s e ’ . 
T h i s  may h a v e  had  some e f f e c t  on t h e  p u p i l s ’ r e s p o n s e s ,  
p a r t i c u l a r l y  w i t h  t h e  c o n c e p t  o f  ’ i m p u l s e ’ . f o r  w h i c h  we 
n o t e d  a l a r g e  n u m b e r  o f  i r r e l e v a n t  r e s p o n s e s  w e r e  g i v e n  by 
many p u p i l s .
K l a u s m e i e r  e t  a l  ( 1 0 )  a l s o  n o t e  t h a t  t h e  n um ber  o f  r e l e v a n t  
a t t r i b u t e s  w i l l  h a v e  an e f f e c t  on t h e  e a s e  o f  c o n c e p t  
l e a r n i n g .  ’’ I n c r e a s i n g  t h e  n um be r  o f  r e l e v a n t  a t t r i b u t e s  
may h a v e  t w o  e f f e c t s :  ( a )  t h e  num be r  o f  a l t e r n a t i v e
h y p o t h e s e s  t o  be t e s t e d  may i n c r e a s e ,  and ( b )  t h e  num ber  
o f  h y p o t h e s e s  t o  be  r e m e m b e r e d  i n c r e a s e s .  B o t h  o f  t h e s e  
e f f e c t s ,  o f  c o u r s e ,  make c o n c e p t  l e a r n i n g  m o re  d i f f i c u l t ” . 
J o h n s t o n e  ( 7 4 )  h a s  a l s o  n o t e d  t h e  d i f f i c u l t y  f o r  c o n c e p t  
l e a r n i n g  o f  p r o v i d i n g  t o o  much i n f o r m a t i o n  -  p a r t i c u l a r l y  
i f  s u c h  i n f o r m a t i o n  i s  n o n - e s s e n t i a l .
We n o t e d  t h a t ,  o f  t h e  f i v e  c o n c e p t s  t e s t e d ,  t h e  c o n c e p t  
f o r  w h i c h  t h e  p u p i l s ’ r e s p o n s e s  m o s t  c l o s e l y  m a t c h e d  t h e  
t e a c h e r s *  r e s p o n s e s  was ’ g r a v i t a t i o n a l  p o t e n t i a l  e n e m y ’ 
f o r  w h i c h  t h e  n u m b e r  o f  r e l e v a n t  i n s t a n c e s  p r o v i d e d  on t h e  
c h a r t  was l e a s t .  C o n v e r s e l y ,  t h e  c o n c e p t  o f  ’ mom en tum ’ . 
f o r  w h i c h  t h e  n u m b e r  o f  r e l e v a n t  i n s t a n c e s  p r o v i d e d  on t h e  
c h a r t  was g r e a t e s t ,  w a s t h e  o ne  w h i c h  show ed  p e r h a p s  t h e  
g r e a t e s t  v a r i a t i o n  b e t w e e n  t h e  p u p i l s ’ r e s p o n s e s  and 
t h e  t e a c h e r s ’ r e s p o n s e s .  li/e w o u l d ,  h o w e v e r ,  be q u i t e  
u n j u s t i f i e d  i n  a s s u m i n g  t h a t  t h i s  c o n s t i t u t e s  e v i d e n c e  o f  
an i n v e r s e  r e l a t i o n s h i p  b e t w e e n  t h e  l e v e l  o f  c o n c e p t  
u n d e r s t a n d i n g  and t h e  n u m be r  o f  r e l e v a n t  b o x e s  p r o v i d e d  on 
t h e  c h a r t .  Each s e p a r a t e  b o x  on  t h e  c h a r t  m u s t  be 
c o n s i d e r e d  on i t s  own m e r i t s .  Some w i l l  be s p e c i f i c  
i n s t a n c e s ,  o t h e r s  w i l l  be m o re  g e n e r a l  i n s t a n c e s .  F o r  
t h e  p u p i l ,  some b o x e s  w i l l  be e a s i l y  i d e n t i f i e d  as  i n s t a n c e s  
o r  n o n —i n s t a n c e s ,  o t h e r s  w i l l  o n l y  be c a t e g o r i s e d  w i t h  
d i f f i c u l t y ,  i f  a t  a l l .  T he  g r e a t e r  t h e  n um be r  o f  s e p a r a t e
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i n s t a n c e s  t o  be c a t e g o r i s e d  t h e  g r e a t e r  l i k e l i h o o d  t h e r e
w i l l  be o f  v a r i a t i o n  b e t w e e n  t h e  p u p i l s 1 r e s p o n s e s  and t h e  
t e a c h e r s 1 r e s p o n s e s .
W here  we h a v e  f o u n d  e v i d e n c e  o f  i n c r e a s e d  c o n c e p t  u n d e r ­
s t a n d i n g ,  we h a v e  n o t  been  a b l e  t o  p i n p o i n t  w h e t h e r  t h e  
p u p i l s 1 u n d e r s t a n d i n g  o f  each  s p e c i f i c  c o n c e p t  has  
i n c r e a s e d  o r  w h e t h e r  h i s  u n d e r s t a n d i n g  o f  t h e  i n t e r ­
r e l a t i o n s  b e t w e e n  c o n c e p t s  has  i n c r e a s e d .  We s u s p e c t  
t h a t  b o t h  h a v e  i n  f a c t  i n c r e a s e d  by an e x t e n s i o n  and 
f u r t h e r  e l a b o r a t i o n  o f  h i s  e x i s t i n g  c o g n i t i v e  s t r u c t u r e .
To t h i s  e x t e n t ,  we h a v e  f o u n d  A u s u b e l 1s l e a r n i n g  t h e o r y
h a s  p r o v i d e d  an a d e q u a t e  e x p l a n a t i o n  o f  o u r  o b s e r v e d  r e s u l t s *
I n  c h a p t e r  5 ,  we d i s c u s s e d  t h e  need f o r  a c r i t e r i o n -  
r e f e r e n c e d  c o n c e p t  a t t a i n m e n t  t e s t ,  by means o f  w h i c h  t h e  
c l a s s r o o m  t e a c h e r  c o u l d  q u i c k l y  and r e l i a b l y  a s s e s s  t h e  
l e v e l  o f  c o n c e p t  u n d e r s t a n d i n g  o f  e ach  p u p i l .  A l t h o u g h  
t h e  t e s t  m a t e r i a l  we d e v i s e d  was n o t  i n t e n d e d  t o  be a 
d i a g n o s t i c  t e s t ,  we b e l i e v e  t h a t  i t  f u l f i l s  many,  i f  n o t  
a l l ,  t h e  b a s i c  r e q u i r e m e n t s  o f  s u c h  a t e s t .
By n o t i n g  c e r t a i n  o m i s s i o n s  o r  p a r t i c u l a r  i n c l u s i o n s ,  t h e  
t e a c h e r  may q u i c k l y  d i a g n o s e  a p u p i l ’ s f a i l u r e  t o  d i s c r i m i n a t e  
a g i v e n  c o n c e p t .  P a r t i c u l a r  p a t t e r n s  o r  c o m b i n a t i o n s  o f  
r e s p o n s e s  may i m p l y  p a r t i c u l a r  m i s c o n c e p t i o n s .  The  t e a c h e r  
c a n  a n a l y s e  t h e  p r o b a b l e  p a t t e r n  o f  r e s p o n s e s  b e f o r e h a n d ,  
and  c a n  p r e p a r e  a p p r o p r i a t e  r e m e d i a l  t e a c h i n g  s e q u e n c e s  
t o  c o r r e c t  t h e  m o re  o b v i o u s  e r r o r s .  E r r o r s  w h i c h  
i n d i c a t e  o v e r - g e n e r a l i s a t i o n  o r  u n d e r - g e n e r a l i s a t i o n  o f  a 
c o n c e p t  may be c o r r e c t e d  by p r o v i d i n g  f u r t h e r  e x a m p le s  
a n d / o r  n o n - e x a m p l e s  o f  t h e  c o n c e p t .  The  t e a c h e r  may 
d e c i d e  t h a t ,  f o r  a g i v e n  c o n c e p t ,  some b o x e s  on t h e  
c h a r t  w i l l  be  m o re  r e l e v a n t  t h a n  o t h e r s .  T h u s ,  f o r  e x a m p l e .
Box 5 on t h e  c h a r t  may be 
c o n s i d e r e d  e s s e n t i a l  f o r  ’ mom en tum 1. 
d e s i r a b l e  f o r  ’ k i n e t i c  e n e r g y ’ . 
i n s i g n i f i c a n t  f o r  ’ p o t e n t i a l  e n e r g y ’ 
and i r r e l e v a n t  f o r  ’ f o r c e ’ and 
’ i m p u l s e i
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Cj Change in  X = 0
By g i v i n g  a r e l a t i v e  w e i g h t i n g  t o  a l l  p o s s i b l e  r e s p o n s e s  
f o r  each  c o n c e p t  on a s c a l e ,  s a y ,  f r o m  +2 ( e s s e n t i a l )  t o  
^ a n t ) t o  —2 ( c l e a r l y  w r o n o ) « a p u p i l ’ s p a t t e r n  o f
r e s p o n s e s  may be c o n v e r t e d  i n t o  a c r u d e  n u m e r i c a l  i n d e x  
w h i c h  w i l l  r e f l e c t ,  t o  some d e g r e e ,  h i s  l e v e l  o f  u n d e r ­
s t a n d i n g  o f  t h e  c o n c e p t .  V a r i o u s  r e f i n e m e n t s  c o u l d  be 
add ed  t o  t a k e  a c c o u n t  o f  s p e c i f i c  p a t t e r n s  o f  r e s p o n s e s ,  
b u t  t h e  p r i n c i p l e  s h o u l d  be c l e a r  e n o u g h .  I f  d e s i r e d ,  a 
c r i t e r i o n  l e v e l  o f  p e r f o r m a n c e  c o u l d  be i n c l u d e d .
W i t h  t h e  i n c r e a s e d  u s e  o f  m i c r o c o m p u t e r s  i n  t h e  c l a s s r o o m ,  
t h e r e  i s  no r e a s o n  why t h e  w h o le  p r o c e d u r e  c o u l d  n o t  be s e t  
up  as a c o m p u t e r  p r o g r a m .  The c o m p u t e r ,  u s i n g  i t s  g r a p h i c s  
f a c i l i t y ,  c o u l d  p r e s e n t  t h e  v a r i o u s  i n s t a n c e s  and n o n -  
i n s t a n c e s  o f  e a c h  c o n c e p t  on t h e  VDU s c r e e n  a nd ,  u s i n g  
t h e  p u p i l ’ s r e s p o n s e  a t  t h e  k e y b o a r d  a t  each  s t a g e ,  
s c o r e  t h e  p u p i l ’ s r e s p o n s e s  a c c o r d i n g  t o  some p r e - a r r a n g e d  
s c o r i n g  s y s t e m .  The  c o m p u t e r  c o u l d  s e l e c t  an a p p r o p r i a t e  
r e m e d i a l  s e q u e n c e ,  i f  n e c e s s a r y ,  t o  b r i n g  t h e  p u p i l  up t o  
t h e  a g r e e d  c r i t e r i o n  l e v e l  o f  p e r f o r m a n c e  on t h a t  c o n c e p t .
I m p l i c a t i o n s  f o r  t h e  c l a s s r o o m  t e a c h e r
T h e  r e s u l t s  o f  o u r  i n v e s t i g a t i o n  h a v e  r e v e a l e d ,  among o t h e r  
t h i n g s ,  t h a t :
( i )  t h e  p u p i l ’ s a b i l i t y  t o  ’ r o t e - l e a r n ’ t h e  d e f i n i n g
e q u a t i o n  f o r  a g i v e n  c o n c e p t  may g i v e  a f a l s e  i d e a  
o f  h i s  r e a l  u n d e r s t a n d i n g  o f  t h e  c o n c e p t .
( i i )  i n f o r m a t i o n  c o n v e y e d  i n  t h e  f o r m  o f  a d i a g r a m  may
n o t  be p r o c e s s e d  by many p u p i l s .
( i i i )  i n f o r m a t i o n  c o n v e y e d  by a g r a p h  w i l l  be f o u n d
d i f f i c u l t  t o  i n t e r p r e t  by many p u p i l s .
( i v )  t h e  c o n c e p t  ’ i m p u l s e ’ i s  n o t  u n d e r s t o o d  by many p u p i !
( v )  t h e  v e c t o r  n a t u r e  o f  ’ momentum’ i s  n o t  a p p r e c i a t e d
by many p u p i l s .
T h e s e  r e s u l t s  h a v e  i m p l i c a t i o n s  f o r  t h e  c l a s s r o o m  t e a c h e r .
F o r  e x a m p l e ,  t h e  t e a c h e r  s h o u l d  n o t  assume t h a t  b e c a u s e  
a p u p i l  c a n  r e c a l l  an e x p r e s s i o n  su c h  as ’ Ek = ^mv ’ , 
t h e  p u p i l  u n d e r s t a n d s  t h e  m e a n in g  o f  t h e  e x p r e s s i o n .
274
T e a c h e r s  s h o u l d  be aw are  t h a t  p u p i l s  do n o t  a l w a y s  
u n d e r s t a n d  d i a g r a m s  and s k e t c h  g r a p h s *  T h i s  may be 
b e c a u s e  t h e  d i a g r a m  o r  s k e t c h  g r a p h  p r e s e n t s  t o o  much 
i n f o r m a t i o n  f o r  t h e  p u p i l  t o  a s s i m i l a t e ,  and t h e  a n s w e r  
may be t o  k e e p  s u c h  d i a g r a m s  and s k e t c h  g r a p h s  as s i m p l e  
and  u n c l u t t e r e d  as p o s s i b l e .
Many t e a c h e r s  a r e  a l r e a d y  a w are  t h a t  p u p i l s  do n o t  f u l l y  
u n d e r s t a n d  t h e  c o n c e p t  ’ i m p u l s e ’ o r  t h e  v e c t o r  n a t u r e  o f  
’ m o m e n tu m ’ » They  i n d i c a t e d  t h i s  when t h e y  w e re  a s k e d  
t o  s u g g e s t  l i k e l y  a r e a s  o f  d i f f i c u l t y  f o r  an H -G r a d e  
p u p i l  ( s e e  p ag e  7 6 ) .
T e a c h e r s  c a n  h e l p  t h e i r  p u p i l s  t o  a c h i e v e  r e a l  u n d e r s t a n d i n g
o f  c o n c e p t s  i n  v a r i o u s  w a y s .  liie w o u ld  recommend t h e
f o l l o w i n g  t e a c h i n g  s t r a t e g i e s  w h i c h ,  we t h i n k ,  a r e  l i k e l y  
t o  i m p r o v e  p u p i l s ’ c o n c e p t  u n d e r s t a n d i n g .
( 1 )  The  l e a r n i n g  o u t c o m e s  o f  t h e  t e a c h i n g  s e q u e n c e  s h o u l d  
be c l e a r l y  d e f i n e d  i n  t e r m s  o f  s p e c i f i c  o b j e c t i v e s  
w h i c h  t h e  p u p i l  w i l l  be e x p e c t e d  t o  a t t a i n  and t h e  
m in im um  l e v e l  o f  s a t i s f a c t o r y  p e r f o r m a n c e .  I n  o t h e r  
w o r d s ,  t h e  c r i t e r i a  o f  s u c c e s s f u l  l e a r n i n g  s h o u l d  be 
e v i d e n t  b o t h  t o  t h e  t e a c h e r ,  i n  t e r m s  o f  w h a t  m u s t  be
t a u g h t ,  and t o  t h e  p u p i l ,  i n  t e r m s  o f  w h a t  m u s t  be
l e a r n e d .
( 2 ) The  t e a c h e r  s h o u l d  p e r i o d i c a l l y  c h e c k  t h e  p r o g r e s s  
o f  e ach  p u p i l ,  and w h e re  n e c e s s a r y ,  m o d i f y  t h e  
l e a r n i n g  s e q u e n c e .  T h i s  r e q u i r e s  some means o f  
a s s e s s i n g  t h e  d e g r e e  o f  a t t a i n m e n t  o f  s p e c i f i c  
c o n c e p t s  and p r i n c i p l e s ,  and o f  d i a g n o s i n g  t h e  r e a s o n  
f o r  a p u p i l ’ s f a i l u r e  t o  a t t a i n  a s p e c i f i c  c o n c e p t
o r  p r i n c i p l e .
( 3 )  S i n c e  i n t e l l e c t u a l  s k i l l s  a r e  l e a r n e d  h i e r a r c h i c a l l y ,  
t h e  t e a c h i n g  s e q u e n c e  s h o u l d  t a k e  a c c o u n t  o f  t h i s ,  
and s h o u l d  p r o c e e d  f r o m  t h e  l e v e l  o f  c o n c e p t u a l  
u n d e r s t a n d i n g  t h e  p u p i l  a l r e a d y  h a s  -  h i s  p r i o r
275
k n o w l e d g e  -  t o  h i g h e r  l e v e l s  o f  u n d e r s t a n d i n g  i n  a 
s e q u e n c e  c o n s i s t e n t  w i t h  t h e  h i e r a r c h y .
( a ) C o n c e p t  u n d e r s t a n d i n g  r e q u i r e s  t h e  m e a n i n g f u l
a s s i m i l a t i o n  o f  t h e  c o n c e p t  i n t o  t h e  p u p i l * s  e x i s t i n g  
c o g n i t i v e  s t r u c t u r e .  I n  any one l e s s o n ,  t h e r e f o r e ,  
t h e  t e a c h e r  s h o u l d  c h e c k  t h a t  t h e  p u p i l s  h a v e  t h e  
n e c e s s a r y  p r e r e q u i s i t e  k n o w l e d g e ,  and s h o u l d  e n s u r e  
t h a t  a l l  p u p i l s  h a v e  a c h i e v e d  t h e  d e s i r e d  a d d i t i o n a l  
k n o w l e d g e .  To e n c o u r a g e  t h e  p u p i l s  t o  p r o c e s s  t h i s  
a d d i t i o n a l  k n o w l e d g e  i n t o  t h e i r  l o n g - t e r m  memory ,  
t h e  t e a c h e r  s h o u l d  u se  a w i d e  v a r i e t y  o f  t e c h n i q u e s ,  
s u c h  as a n a l o g i e s  t o  o t h e r  s i t u a t i o n s ,  d i s c u s s i o n  o f  
e v e r y d a y  a p p l i c a t i o n s ,  e x p e r i m e n t a l  d e m o n s t r a t i o n s  and 
p u p i l  p r a c t i c a l  w o r k .  A p a r t i c u l a r l y  u s e f u l  t e c h n i q u e  
i s  t o  g i v e  p u p i l s  t h e  o p p o r t u n i t y  t o  v e r b a l i s e  t h e i r  
own u n d e r s t a n d i n g  o f  t h e  c o n c e p t  o r  p r i n c i p l e  i n v o l v e d .
( 5 ) The  t e a c h e r  ca n  h e l p  t h e  p u p i l s  a c q u i r e  a b e t t e r  g r a s p  
o f  a c o n c e p t  o r  p r i n c i p l e  by a s k i n g  a p p r o p r i a t e  o p e n -  
end ed  q u e s t i o n s  w h i c h  i n v o l v e  t h e  p u p i l  i n  p r o c e s s i n g  
h i s  k n o w l e d g e  o f  t h e  c o n c e p t  o r  p r i n c i p l e  i n  a 
p r o b l e m - s o l v i n g  s i t u a t i o n .  The t e a c h e r  ca n  a l s o  
h e l p  c o n c e p t  u n d e r s t a n d i n g  by g i v i n g  t h e  p u p i l s  
n u m e r o u s  s i m p l e  e x a m p l e s ,  w h i c h  p r o v i d e  c o n c r e t e  
i n s t a n c e s  o f  t h e  c o n c e p t  o r  p r i n c i p l e ,  as w e l l  as t h e  
f o r m a l  p r e c i s e  d e f i n i t i o n .
( 5 ) C o n c e p t  u n d e r s t a n d i n g  i m p r o v e s  w i t h  u s e .  T e a c h e r s
s h o u l d  t h e r e f o r e  g i v e  t h e  p u p i l s  s u f f i c i e n t  o p p o r t u n i t y  
t o  p r a c t i s e  u s i n g  t h e  c o n c e p t s  i n  a w i d e  v a r i e t y  o f  
c o n t e x t s .  At  t h e  i n i t i a l  s t a g e s  o f  l e a r n i n g  a 
p a r t i c u l a r  c o n c e p t ,  t h e  t e a c h e r  s h o u l d  e n s u r e  t h a t  
i r r e l e v a n t ,  d i s t r a c t i n g  i n f o r m a t i o n  i s  k e p t  t o  a 
m in im um  b u t ,  as t h e  l e v e l  o f  u n d e r s t a n d i n g  i n c r e a s e s ,  
t h e  p u p i l  s h o u l d  be r e q u i r e d  t o  d i s c r i m i n a t e  b e t w e e n  
t h e  r e l e v a n t  and i r r e l e v a n t  i n f o r m a t i o n  i n  o r d e r  t o
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i m p r o v e  h i s  u n d e r s t a n d i n g  o f  t h e  c o n c e p t ,  and i t s  
r e l a t i o n s h i p  t o  o t h e r  c o n c e p t s #  I n  p r o b l e m - s o l v i n g  
s i t u a t i o n s ,  m o s t  e m p h a s i s  s h o u l d  be p l a c e d  on s e l e c t i n g  
t h e  a p p r o p r i a t e  c o n c e p t  o r  p r i n c i p l e .
( ? )  S i n c e  new k n o w l e d g e  i s  p r o c e s s e d  i n t o  l o n g - t e r m  memory 
t h r o u g h  t h e  w o r k i n g  memory ,  and s i n c e  t h e  w o r k i n g  
memory i s  o f  l i m i t e d  c a p a c i t y ,  t h e  t e a c h e r  m u s t  g u a r d  
a g a i n s t  p r e s e n t i n g  t o o  much i n f o r m a t i o n  a t  any s t a g e  
o f  t h e  l e a r n i n g  s e q u e n c e #  P r e s e n t i n g  i n f o r m a t i o n  
i n  t h e  f o r m  o f  d i a g r a m s  o r  g r a p h s  s h o u l d  be m i n i m i s e d  
a t  t h e  e a r l y  s t a g e s  o f  c o n c e p t  l e a r n i n g .  On t h e  
o t h e r  h a n d ,  d i a g r a m s  and s k e t c h  g r a p h s  c a n  be v a l u a b l e  
f c h u n k i n g ! d e v i c e s  t o  s u m m a r i s e  i n f o r m a t i o n  and c a n  be 
v e r y  u s e f u l  t o  t h e  s t u d e n t  who h as  a l r e a d y  a c q u i r e d  
a c e r t a i n  l e v e l  o f  u n d e r s t a n d i n g  o f  t h e  c o n c e p t .  The  
u s e  o f  d i a g r a m s  and g r a p h i c a l  m e t h o d s  o f  r e p r e s e n t i n g  
i n f o r m a t i o n  s h o u l d  t h e r e f o r e  be c a r e f u l l y  p h a s e d  i n t o  
t h e  l e a r n i n g  s e q u e n c e .
( 8 )  R o t e  l e a r n i n g ,  as o p p o s e d  t o  m e a n i n g f u l  l e a r n i n g ,
o f  c o n c e p t s  and p r i n c i p l e s  i s  n o t  uncommon, p a r t i c u l a r l y  
w i t h  y o u n g e r  p u p i l s .  T e a c h e r s  s h o u l d  g u a r d  a g a i n s t  
i m p l i c i t l y  e n c o u r a g i n g  r o t e  l e a r n i n g  by o v e r - e m p h a s i s i n g  
t h e  r e c a l l  o f  f o r m a l  d e f i n i t i o n s ,  t h e  a b i l i t y  t o  p e r f o r m  
r o u t i n e  c a l c u l a t i o n s  and t h e  i m p o r t a n c e  o f  v e r b a l  
k n o w l e d g e .  The  t e a c h e r  s h o u l d  t a k e  e v e r y  o p p o r t u n i t y  
t o  p r o m o t e  m e a n i n g f u l  l e a r n i n g  by o r a l  and w r i t t e n  
q u e s t i o n s  and c l a s s  d i s c u s s i o n .  The p u p i l s  s h o u l d  be 
g i v e n  e x p e r i e n c e  o f  p r o b l e m - s o l v i n g ,  and e n c o u r a g e d  t o  
t h i n k  c r e a t i v e l y .
R e c o m m e n d a t i o n s  f o r  f u r t h e r  a c t i o n
I n  t h e  c o u r s e  o f  o u r  i n v e s t i g a t i o n  o f  t h e  p u p i l s 1 
u n d e r s t a n d i n g  o f  c o n c e p t s  i n  m e c h a n i c s ,  we h a v e  d e v i s e d  t h r e e  
new t e c h n i q u e s ,  a l l  o f  w h i c h ,  we t h i n k ,  c o u l d  be u s e d  by 
t h e  c l a s s r o o m  t e a c h e r  i n  o t h e r  a r e a s  o f  t h e  s y l l a b u s .
Uie w o u l d  re c o m m e n d ,  t h e r e f o r e ,  t h a t  s e r i o u s  c o n s i d e r a t i o n  
be g i v e n  t o  t h e  d e v e l o p m e n t  o f  c o n c e p t  a t t a i n m e n t  t e s t s  
i n  a l l  t h e  m a j o r  a r e a s  o f  t h e  p h y s i c s  s y l l a b u s ,  a t  b o t h  
D—G r a d e  and H—G ra d e  s t a g e s .  Such t e s t s  s h o u l d  be 
c r i t e r i o n —r e f e r e n c e d ,  i n  t h e  sense  t h a t  each  p u p i l  s h o u l d  
be  r e q u i r e d  t o  a c h i e v e  a c e r t a i n  min imum l e v e l  o f  
p e r f o r m a n c e .  Such t e s t s  s h o u l d  be e a s i l y  and q u i c k l y  
a d m i n i s t e r e d ,  and t h e  r e s u l t s  o f  such  t e s t s  s h o u l d  be 
e a s i l y  i n t e r p r e t e d .  Our c h a r t  o f  25 num be re d  b o x e s  and 
t h e  a s s o c i a t e d  r e s p o n s e  s h e e t  c o u l d  be used  as a m o d e l  
f o r  s u c h  a c o n c e p t  a t t a i n m e n t  t e s t .
liie w o u l d  a l s o  recommend t h a t  t e a c h e r s  s h o u l d  d e v o t e  more  
a t t e n t i o n ,  i n  s y s t e m a t i c  p r o b l e m  s o l v i n g ,  t o  t h e  s e l e c t i o n  
o f  t h e  a p p r o p r i a t e  c o n c e p t s  and p r i n c i p l e s  r a t h e r  t h a n  t o  
t h e  m a t h e m a t i c a l  m a n i p u l a t i o n  o f  t h e  r e s u l t i n g  e q u a t i o n s .
To  t h i s  e n d ,  we s u g g e s t  t h a t  p u p i l s  s h o u l d  be g i v e n  p r a c t i c  
i n  s e l e c t i n g  t h e  a p p r o p r i a t e  p r o p o s i t i o n s  f r o m  a p r e p a r e d  
l i s t  w h i c h  may be p r e s e n t e d ,  as we h a ve  d o n e ,  i n  t h e  f o r m  
o f  a g r i d  o f  num be red  b o x e s .
F i n a l l y  we w o u l d  recommend t h a t  t e a c h e r s  p r e p a r e  l i s t s  
o f  s t a t e m e n t s ,  g o i n g  f r o m  t h e  g e n e r a l  t o  t h e  s p e c i f i c ,  
f o r  p h y s i c s  c o n c e p t s  i n  o t h e r  a r e a s  o f  t h e  s y l l a b u s ,  
and  t h e n  u s e  t h e s e  l i s t s  o f  s t a t e m e n t s  i n  t h e i r  day  t o  
d a y  t e a c h i n g  t o  g i v e  p u p i l s  p r a c t i c e  i n  w h a t  we c o n s i d e r  
i s  a v e r y  u s e f u l  l e a r n i n g  e x p e r i e n c e ,  s i n c e  i t  e n a b l e s  
t h e  l e a r n e r  t o  m a tc h  h i s  c h o i c e  o f  r e l e v a n t  c o n c e p t  
a t  e a c h  s t a g e  w i t h  t h a t  o f  o t h e r  p u p i l s  and w i t h  t h a t  
o f  t h e  t e a c h e r .
C e r t a i n  p r o b l e m s  s t i l l  r e m a i n  u n r e s o l v e d *  We s t i l l  
c a n n o t  s a y  f o r  c e r t a i n  w h e t h e r  t h e  s i g n i f i c a n t  i n c r e a s e  
i n  p e r f o r m a n c e  b e tw e e n  0 - G r a d e  and H -G ra d e  i s  due t o  
i n c r e a s e d  k n o w l e d g e  o f  each  c o n c e p t  o r  i n c r e a s e d
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a w a r e n e s s  o f  t h e  i n t e r - r e l a t i o n s h i p  b e t w e e n  c o n c e p t s .
We s t i l l  c a n n o t  s a y ,  w i t h  c e r t a i n t y ,  t h a t  an 0 - G r a d e  p u p i l  
1 u n d e r s t a n d s T t h e  c o n c e p t  o f ,  s a y ,  * momentum? . IlJe s t i l l  
k n o w  v e r y  l i t t l e  a b o u t  t h e  n a t u r e  o f  t h e  p u p i l s ’ m i s ­
c o n c e p t i o n s .  We h a v e  no d i r e c t  e v i d e n c e  o f  t h e  e x t e n t  
t o  w h i c h  t h e  p u p i l s ’ u n d e r s t a n d i n g  o f  t h e s e  c o n c e p t s  
c a n  be a f f e c t e d  by t h e  n a t u r e  o f  t h e  l e a r n i n g  e x p e r i e n c e s  
and  t h e  t e a c h i n g  s t r a t e g i e s  e m p l o y e d .  T h e r e  i s  c l e a r l y  
s t i l l  much r e s e a r c h  t o  be done  i n  t h i s  f i e l d .
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INTRODUCTION
T h i s  i s  p a r t  o f  a l a r g e r ,  o n - g o i n g ,  r e s e a r c h  p r o j e c t  t o  
i n v e s t i g a t e  t h e  d e v e l o p m e n t  o f  c o n c e p t s  i n  p h y s i c s  i n  
s e c o n d a r y  s c h o o l  p u p i l s .  T h i s  p a r t  o f  t h e  p r o j e c t  i s  
c o n c e r n e d  o n l y  w i t h  t h e  s p e c i f i c  c o n c e p t s  o f  momentum, 
k i n e t i c  ^ e n e r g y  and ( o r a v i t a t i o n a l ) p o t e n t i a l  e n e r g y .
T h e " p u r p o s e  o f  t h i s  q u e s t i o n n a i r e  i s  t o  s a m p le  t h e  
o p i n i o n  o f  e x p e r i e n c e d  t e a c h e r s  o f  p h y s i c s  on t h r e e  
s p e c i f i c  p o i n t s  r e l a t i n g  t o  t h e s e  t h r e e  c o n c e p t s .
( a )  l i ih a t ,  i n  t h e i r  o p i n i o n ,  i s  t h e  i m p o r t a n c e  o f  t h e s e  
c o n c e p t s  t o  t h e  s t u d y  o f  p h y s i c s  a t  s c h o o l  l e v e l
( i . e .  a t  D - G r a d e ,  a t  H -G r a d e  a nd ,  p o s s i b l y ,  a t  C . S . Y . S . )
( b )  Houj, i n  t h e i r  o p i n i o n ,  a r e  t h e s e  c o n c e p t s  d e p e n d e n t  
upo n  o t h e r ,  p o s s i b l y  more b a s i c ,  c o n c e p t s .
( c )  l i ih a t ,  i n  t h e i r  o p i n i o n ,  a r e  some o f  t h e  r e a s o n s  a 
g i v e n  p u p i l  may h ave  d i f f i c u l t y  i n  u n d e r s t a n d i n g  
t h e s e  c o n c e p t s .
The r e s u l t s  o f  t h i s  q u e s t i o n n a i r e ,  t o g e t h e r  w i t h  s i m i l a r  
i n f o r m a t i o n  g a t h e r e d  f r o m  i n t e r v i e w s  w i t h  p u p i l s ,  w i l l  be 
o f  a s s i s t a n c e  i n  t h e  n e x t  s t a g e  o f  t h e  r e s e a r c h .
INSTRUCTIONS FDR THE COMPLETION OF THE QUESTIONNAIRE 
T h e r e  a r e  5 p a r t s  t o  t h i s  q u e s t i o n n a i r e .
( 1 )  I n  p a r t  A, you  a r e  a s k e d  t o  w r i t e  a f e w  s e n t e n c e s  
f o r  e a c h  c o n c e p t  i n  t h e  s p a c e  p r o v i d e d .
( 2 ) I n  p a r t  B, you  a r e  a s k e d  t o  i n d i c a t e  y o u r  c h o i c e  by 
p u t t i n g  a t i c k  i t s * )  i n  t h e  a p p r o p r i a t e  c o l u m n .
( 3 )  I n  p a r t  C, you  a r e  a s k e d  t o  p u t  a t i c k  ( a n d / o r  
a f i g u r e  ( 3 ,  4 o r  5 )  a n d / o r  a l e t t e r  (P ,  D o r  N) i n  
t h e  a p p r o p r i a t e  c o l u m n .
( 4 ) I n  p a r t  you  a r e  a s k e d  t o  i n d i c a t e  y o u r  c h o i c e  by 
p u t t i n g  a t i c k  ( * * * )  i n  t h e  a p p r o p r i a t e  c o l u m n .  I n  
a d d i t i o n  you  may w i s h  t o  add w r i t t e n  comments  i n  
t h e  s p a c e  p r o v i d e d .
( 5 ) I n  p a r t  E, you  a r e  a s k e d  t o  p r o v i d e  some s t a t i s t i c a l  
i n f o r m a t i o n .  C o m p l e t i o n  o f  t h i s  s e c t i o n  i s  w h o l l y  
v o l u n t a r y  b u t  i t  w o u ld  be h e l p f u l  i f  you  p r o v i d e d  as 
much i n f o r m a t i o n  as p o s s i b l e .
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PART A -  The i m p o r t a n c e  o f  t h e  c o n c e p t s
liie a r e  i n t e r e s t e d  h e r e  i n  l e a r n i n g  u /ha t ,  i n  y o u r  o p i n i o n ,  
i s  t h e  i m p o r t a n c e  o f  each  o f  t h e  c o n c e p t s  o f  momentum, 
k i n e t i c  e n e r g y  and g r a v i t a t i o n a l  p o t e n t i a l  e n e r g y  t o  t h e  
s t u d y  o f  p h y s i c s  a t  s c h o o l  l e v e l .  The f a c t  t h a t  a l l  o f  
t h e s e  c o n c e p t s  a p p e a r  more t h a n  once  i n  t h e  SCEEB P h y s i c s  
s y l l a b u s  ( e . g .  B l ,  B2,  B3,  G2, J 5 ,  JB ,  K3 and N2) i s  n o t  
u n i m p o r t a n t  b u t ,  f o r  t h e  moment,  we w o u ld  ask  t h a t  you  p u t  
a s i d e  s u c h  c o n s i d e r a t i o n s ,  and c o n c e n t r a t e  s o l e l y  on why 
p u p i l s  s t u d y i n g  p h y s i c s  s h o u l d  be i n t r o d u c e d  t o  s u c h  
c o n c e p t s .  I n  o t h e r  w o r d s ,  why a r e  t h e s e  i m p o r t a n t  
c o n c e p t s  i n  p h y s i c s ?
C o u ld  we t e a c h  p h y s i c s  w i t h o u t  i n t r o d u c i n g  t h e s e  c o n c e p t s ?  
What j u s t i f i c a t i o n  i s  t h e r e  f o r  i n c l u d i n g  t h e s e  c o n c e p t s  i n  
a s c h o o l  p h y s i c s  c o u r s e ?
( a)  Momentum
( b )  K i n e t i c  E n e r g y
( c )  ( G r a v i t a t i o n a l )  P o t e n t i a l  E n e r g y
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PART B -  The dependence  o f  t h e s e  c o n c e p t s  on o t h e r  c o n c e p t s
I n  t h e  s t u d y  o f  p h y s i c s ,  many c o n c e p t s  a r e  d e f i n e d  by 
s i m p l e  e q u a t i o n s  r e l a t i n g  th e m  t o  o t h e r ,  more b a s i c ,  
c o n c e p t s *  T h r e e  s u c h  c o n c e p t s  a r e  momentum ( p ) ,  
k i n e t i c  e n e r g y  (E(<)and ( g r a v i t a t i o n a l )  p o t e n t i a l  e n e r g y  (Ep ) .  
The d e f i n i n g  e q u a t i o n s  a r e ,  o f  c o u r s e ,
( 1 ) P mv
( 2 ) Ek = ■5-mv
( 3 ) EP =
mgh
w h e re  m = mass ,  v = v e l o c i t y ,  g = g r a v i t a t i o n a l  f i e l d  
s t r e n g t h  and h = v e r t i c a l  d i s p l a c e m e n t *
I n  t h i s  w a y ,  i t  i s  s e e n  t h a t  e ach  o f  t h e s e  c o n c e p t s  i s  
d e p e n d e n t  u po n  o t h e r ,  more  b a s i c ,  c o n c e p t s .  We m i g h t  
r e a s o n a b l y  sa y  t h a t  t h e  c o n c e p t s  o f  ' m a s s ’ and V e l o c i t y ’ 
w e re  e s s e n t i a l  t o  t h e  u n d e r s t a n d i n g  o f  t h e  c o n c e p t  o f  
! m o m e n tu m * , and so o n .
The  s t u d y  o f  p h y s i c s  i n v o l v e s  t h e  u n d e r s t a n d i n g  o f  many 
c o n c e p t s . -  The f o l l o w i n g  l i s t  o f  50 s p e c i f i c  c o n c e p t s  
i s  n o t  m e a n t  t o  be e x h a u s t i v e  b u t  a l l  o f  t h e s e  c o n c e p t s  
a r e  i n v o l v e d  i n  t h e  s t u d y  o f  p h y s i c s  t o  H -G ra d e  l e v e l .
(li/e  h a v e  i n t e n t i o n a l l y  o m i t t e d  s u c h  c o n c e p t s  as ’ a n g u l a r  
momentum’ w h i c h  a r e  o n l y  r e l e v a n t  a t  C . S . Y . S .  l e v e l ) .
We w o u l d  ask  t h a t  yo u  r e a d  t h r o u g h  t h e  l i s t  o f  c o n c e p t s  
a n d .  i n  t h e  Co lum n  he a d e d  ’ Momentum’ . code  each  c o n c e p t  
as ' e s s e n t i a l * ,  ’ d e s i r a b l e ’ o r  ’ i r r e l e v a n t ’ as f a r  as t h e  
u n d e r s t a n d i n g  o f  t h e  c o n c e p t  o f  momentum i s  c o n c e r n e d . 
C o m p l e t e  t h e  c o lu m n s  h ea ded  ’ K i n e t i c  E n e r g y 1 a n d ■ 
’ G r a v i t a t i o n a l  P o t e n t i a l  E n e r g y ' i n  a s i m i l a r  way ,  b u t  
r e m e m b e r  t h a t  each  c o lu m n  s h o u l d  be c o m p l e t e d  q u i t e  
i n d e p e n d e n t l y  o f  t h e  o t h e r  tw o  c o l u m n s .
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L i s t  o f  C o n c e p t s
1 .  A c c e l e r a t i o n
2. A c t i o n
3. A d d i t i o n  o f
v e c t o r s
4. A v e r a g e
a c c e l e r a t i o n
5. A v e r a g e  sp ee d
6 .  C om ponen t
( o f  a f o r c e )
7. C o n s e r v a t i o n
8 .  D i r e c t  
c o l l i s i o n
9. D i s p l a c e m e n t
10. D i s t a n c e
11. E f f i c i e n c y
12. E l a s t i c
c o l l i s i o n
13. E n e r g y
14. E n e r g y  i n p u t
15. E n e r g y  o u t p u t
16. E x t e r n a l  f o r c e  
( o f  a s y s t e m )
17. F o r c e
18. F r e q u e n c y
19. G r a v i t a t i o n a l  
f i e l d  s t r e n g t h
20. G r a v i t y
21. I m p u l s e
22. I n e l a s t i c
c o l l i s i o n
23. I n e r t i a
24. I n t e r a c t i o n
( o f  b o d i e s )
25. I n t e r c o n v e r s i o n
( o f  e n e r g y )






















































L i s t  o f  c o n c e p t s
27. K i n e t i c  e n e r g y




32. N e w t o n - s e c o n d
33. O b l i q u e
c o l l i s o n
34. P o t e n t i a l
e n e r g y
35. P ow er
36. R e a c t i o n
( f o r c e )
37. R e s o l u t i o n  o f
v e c t o r s
38. R e s u l t a n t
39. S c a l a r
40. Speed
41. S y s te m
42. T im e
43. U n b a l a n c e d
f o r c e
44. U n i f o r m
sp ee d
45. U n i f o r m
v e l o c i t y
46. V e c t o r
47. V e l o c i t y
48. W a t t
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_ i Ld _ i Ld 2 _d Ld 2
_ l cc c t _J cC cc _d CC1—1 CD > M CD > n CD >
1 - cc Ld h— cc Ld 1 - cc Ld2 DC _J 2 CC _J 2 cc _J
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PART C -  C o ncep ts  and p r o p o s i t i o n s
I n  p h y s i c s ,  c o n c e p t s  a r e  o f t e n  i n t r o d u c e d  i n  t h e  f o r m  o f  
p r o p o s i t i o n s #  A p r o p o s i t i o n  i s  a s e n t e n c e ,  o f t e n  i n  t h e  
f o r m  o f  an e q u a t i o n ,  w h i c h  l i n k s  t o g e t h e r  tw o  o r  more 
s e p a r a t e  c o n c e p t s .  T h u s  t h e  s t a t e m e n t  wThe momentum 
_P.f_ an o b j e c t  i s  t h e  p r o d u c t  o f  i t s  mass and v e l o c i t y *1 
i s  a p r o p o s i t i o n ,  s i n c e  i t  l i n k s  t h e  c o n c e p t  o f  
momentum t o  t h o s e  o f  mass and v e l o c i t y .
The  25 p r o p o s i t i o n s  i n  t h e  f o l l o w i n g  l i s t  a r e  a l l  
r e l a t e d ,  i n  some way o r  o t h e r ,  t o  t h e  c o n c e p t s  o f  
momentum, k i n e t i c  e n e r g y  and g r a v i t a t i o n a l  p o t e n t i a l  
e n e r g y .  To e n s u r e  s u c c e s s  a t  0 - G r a d e  o r  H -G ra d e  
P h y s i c s ,  i t  i s  e s s e n t i a l  i n  o u r  o p i n i o n ,  t h a t  t h e  p u p i l  
c a n  r e c a l l  and a p p l y  t h e s e  p r o p o s i t i o n s .
( 1 )  P l e a s e  i n d i c a t e ,  f o r  each  p r o p o s i t i o n ,  i f  you  w o u ld  
a g r e e  t h a t  i t  i s  e s s e n t i a l  f o r  a p u p i l  t o  be a b l e  t o  
r e c a l l  and a p p l y  t h i s  p r o p o s i t i o n ,  by p u t t i n g  a t i c k  
i n  c o lu m n  1 .  I f  you  a r e  n o t  s u r e ,  l e a v e  i t  b l a n k .
I f  yo u  t h i n k  i t  i s  n o t  e s s e n t i a l ,  p u t  a c r o s s  (X )  i n  
c o lu m n  1 .
( 2 )  P l e a s e  i n d i c a t e ,  f o r  each  p r o p o s i t i o n ,  t h e  y e a r  
( S 3 ,  S4 o r  S5 ) i n  w h i c h  you  w o u ld  n o r m a l l y  t e a c h  
i t  by e n t e r i n g  t h e  f i g u r e  3 o r  4 o r  5 i n  c o lu m n  2.
I f  you  w o u l d  n o r m a l l y ,  f o r  e x a m p le ,  i n t r o d u c e  t h e  
p r o p o s i t i o n  i n  S3 and d e v e l o p  i t  i n  d e t a i l  i n  S4,  
e n t e r  3 / 4  and so o n .
( 3 )  P l e a s e  i n d i c a t e ,  f o r  each  p r o p o s i t i o n ,  w h e t h e r  o r
n o t  yo u  w o u l d  n o r m a l l y  do some p r a c t i c a l  e x p e r i m e n t ( s )  
a n d / o r  n u m e r i c a l  p r o b l e m s  t o  a s s i s t  t h e  p u p i l s 1 
u n d e r s t a n d i n g  o f  t h e  p r o p o s i t i o n ,  by e n t e r i n g  t h e  
l e t t e r  P ( p u p i l  e x p e r i m e n t )  o r  D ( d e m o n s t r a t i o n  
e x p e r i m e n t )  o r  N ( n u m e r i c a l  p r o b l e m s )  i n  c o lu m n  3 .
You may,  o f  c o u r s e ,  e n t e r  su c h  c o m b i n a t i o n s  as P/N 
o r  P /D /M  e t c .  as a p p r o p r i a t e .  I f  you  w o u ld  n o t  
n o r m a l l y  do any e x p e r i m e n t s  o r  n u m e r i c a l  p r o b l e m s ,  
l e a v e  i t  b l a n k .
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L i s t  o f  p r o p o s i t i o n s
1 .  P h y s i c a l  q u a n t i t i e s  can be 
c l a s s i f i e d  as v e c t o r s  o r  
s c a l a r s
2 .  A v e c t o r  q u a n t i t y  i s  o n l y  
s p e c i f i e d  i f  i t s  d i r e c t i o n  as 
w e l l  as i t s  m a g n i t u d e  i s  
know n
3 .  The  momentum o f  an o b j e c t  i s  
t h e  p r o d u c t  o f  i t s  mass and 
v e l o c i t y
4 .  Momentum i s  a v e c t o r  q u a n t i t y
5 .  The  p r o d u c t  o f  a f o r c e  and 
t h e  d i s t a n c e  moved a l o n g  i t s  
l i n e  o f  a c t i o n  i s  a m easure  
o f  t h e  w o rk  done  and o f  t h e  
e n e r g y  t r a n s f e r r e d
6 .  E n e r g y  i s  a s c a l a r  q u a n t i t y
7 .  E n e r g y  i s  m e a s u red  i n  j o u l e s
8 .  Pow er  i s  t h e  r a t e  a t  w h i c h
e n e r g y  i s  t r a n s f e r r e d
9 .  P ow er  i s  m e a s u re d  i n  w a t t s
1 0 .  T h e  k i n e t i c  e n e r g y  o f  a 
mass m m o v in g  a t  a speed  v 
i s  g i v e n  by
Ek = > v 2
1 1 .  T h e  c h a n g e  i n  p o t e n t i a l
e n e r g y  o f  a mass m moved 
a v e r t i c a l  d i s t a n c e  h 
i n  a g r a v i t a t i o n a l  f i e l d  
i s  g i v e n  by
E = mgh 
P
1 2 .  I n  a s y s t e m  on w h i c h  t h e r e
a r e  no e x t e r n a l  f o r c e s  
a c t i n g ,  k i n e t i c  e n e r g y  
may be c o n v e r t e d  w i t h o u t  
l o s s  i n t o  p o t e n t i a l  
e n e r g y  and v i c e  v e r s a
1 3 .  The  i m p u l s e  o f  a f o r c e  i s
t h e  p r o d u c t  o f  t h e  f o r c e  
and t h e  t i m e  f o r  w h i c h  i t  
a c t s
1 4 .  I m p u l s e  i s  m e a s u re d  i n  
n e w t o n —s e c o n d s
1 5 .  The  i m p u l s e  o f  a f o r c e
i s  m e a s u r e d  by t h e  ch a n g e
i n  momentum i t  p r o d u c e s








1 6 .  Momentum i s  m e a s u re d  v 
i n  n e w t o n —s e c o n d s
1 7 .  The r a t e  o f  c h a n g e  o f  
momentum o f  an o b j e c t  
i s  a m e a s u r e  o f  t h e  
u n b a l a n c e d  f o r c e  . 
a p p l i e d  t o  t h e  o b j e c t
1 8 .  A c t i o n  and r e a c t i o n  
f o r c e s  a r e  e q u a l  i n  
m a g n i t u d e  b u t  
o p p o s i t e  i n  d i r e c t i o n
1 9*  The e f f i c i e n c y  o f  a 
m a c h in e  i s  t h e  r a t i o  
o f  t h e  u s e f u l  e n e r g y  
o u t p u t  t o  t h e  e n e r g y  
i n p u t
2 0 .  C o l l i s i o n s  may be 
c l a s s i f i e d  as e l a s t i c  
o r  i n e l a s t i c
2 1 .  K i n e t i c  e n e r g y  i s  
c o n s e r v e d  i n  e l a s t i c  
c o l l i s i o n s
2 2 .  I n  i n e l a s t i c  c o l l i s i o n s ,  
k i n e t i c  e n e r g y  i s  
c o n v e r t e d  i n t o  some 
o t h e r  f o r m  o f  e n e r g y
2 3 .  F o r  t h e  s p e c i a l  ca se  
o f  c o l l i s i o n s  i n  one 
d i m e n s i o n ,  momentum i s  
c o n s e r v e d  i n  a s y s te m  
t h a t  h as  no e x t e r n a l  
f o r c e  a c t i n g  on i t
2 4 .  I n  a s y s t e m  t h a t  has  
no e x t e r n a l  f o r c e  
a c t i n g  on i t ,  momentum 
i s  c o n s e r v e d  i n  
c o l l i s i o n s  i n  tw o  
d i m e n s i o n s .
2 5 .  I n  a s y s t e m  on w h i c h  an 
e x t e r n a l  f o r c e  i s  a c t i n g ,  
t h e  w o rk  done  by t h e  
f o r c e  i s  a m e a su re  o f  
t h e  k i n e t i c  a n d / o r  
p o t e n t i a l  e n e r g y  









PART D — Areas o f  d i f f i c u l t y  i n  c o n c e p t  l e a r n i n g
P r e v i o u s  r e s e a r c h  uiork has i n d i c a t e d  t h a t  p u p i l s  h ave  
d i f f i c u l t i e s  w i t h  c o n c e p t s  such  as momentum and e n e r g y .
T h e  f o l l o w i n g  25 s t a t e m e n t s  s u g g e s t  p o s s i b l e  d i f f i c u l t i e s  
t h e  p u p i l s  may be e x p e r i e n c i n g .
P l e a s e  i n d i c a t e  y o u r  o p i n i o n  on each s t a t e m e n t  by p u t t i n g  a 
t i c k  i n  t h e  a p p r o p r i a t e  c o lu m n .
S t r o n g l y
Agree
1 .  P u p i l s  ha ve  d i f f i c u l t y  
i n  d i s t i n g u i s h i n g  
b e t w e e n  s c a l a r s  and 
v e c t o r s
2 .  P u p i l s  f i n d  t h e  i d e a  o f  
c o n s e r v a t i o n  o f  momentum 
d i f f i c u l t
3 .  P u p i l s  c a n n o t  , 
d i s t i n g u i s h  b e tw e e n  
e l a s t i c  c o l l i s i o n s  and 
i n e l a s t i c  c o l l i s i o n s
4 .  P u p i l s  c o n f u s e  e n e r g y  
w i t h  p o w e r
5 .  I n  n u m e r i c a l  
c a l c u l a t i o n s ,  p u p i l s  
t r e a t  momentum as a 
s c a l a r  q u a n t i t y
6* I n  n u m e r i c a l  p r o b l e m s  
i n v o l v i n g  c o l l i s i o n s ,  
p u p i l s  t r e a t  a l l  
c o l l i s i o n s  as o ne ­
d i m e n s i o n a l
7 # I n  n u m e r i c a l
c a l c u l a t i o n s ,  p u p i l s  
a p p l y  f o r m u l a e  b l i n d l y
8 ,  P u p i l s  do n o t  g e t  
s u f f i c i e n t  p r a c t i c e  
i n  s o l v i n g  n u m e r i c a l  
p r o b l e m s
9 .  P u p i l s  do n o t  h ave  t h e  
n e c e s s a r y  m a t h e m a t i c a l  
s k i l l s  t o  s o l v e  
n u m e r i c a l  p r o b l e m s
1 0 .  To many p u p i l s ,  e n e r g y  
i s  j u s t  a name
11# The  c o n c e p t  o f  momentum 
s h o u l d  be i n t r o d u c e d  i n  
S3
1 2 .  The  c o n c e p t  o f  e n e r g y  
s h o u l d  n o t  be i n t r o d u c e d  
u n t i l  S3
1 3 .  T h e  c o n c e p t  o f  
" c o n s e r v a t i o n ”  s h o u l d  be 
i n t r o d u c e d  i n  S I  I
Ag ree D i s a g r e e
S t r o n g l y
D i s a g r e e
- I D -
1 4 .  P u p i l s  s h o u l d  be g i v e n  
more  f c o n c r e t e ! 
e x p e r i e n c e  o f  momentum 
i n  S I  and S2
1 5 .  P u p i l s  s h o u l d  be g i v e n  
more  Tc o n c r e t e T 
e x p e r i e n c e  o f  e n e r g y  
i n  S i  and S2
I B .  P u p i l s  can  o n l y  d e v e l o p  
t h e  c o n c e p t s  o f  momentum 
and e n e r g y  by d o i n g  
p r a c t i c a l  e x p e r i m e n t s
1 7 .  T e a c h e r  d e m o n s t r a t i o n s  
a r e  o f  l i t t l e  v a l u e  i n  
d e v e l o p i n g  t h e  p u p i l s T 
u n d e r s t a d d i n g  o f  su ch  
c o n c e p t s
1 8 .  P u p i l s  t h i n k  t h e y  u n d e r ­
s t a n d  t h e  c o n c e p t s  o f  
momentum and e n e r g y
1 9 .  The  c o n c e p t s  o f  momentum 
and e n e r g y  a r e  j u s t  t o o  
d i f f i c u l t  f o r  t h e  
a v e r a g e  0 - G r a d e  p u p i l
2 0 .  Momentum e x p e r i m e n t s  
w i t h  t r o l l e y s  and 
f r i c t i o n - c o m p e n s a t e d  
r u n w a y s  a r e  c o m p l e t e l y  
d i v o r c e d  f r o m  r e a l i t y
2 1 .  P u p i l s  c a n n o t  t r a n s f e r  
t h e i r  k n o w l e d g e  o f  
c o l l i s i o n s  b e t w e e n  
t r o l l e y s  t o  ! r e a l -  
l i f e 1 s i t u a t i o n s
2 2 .  T e a c h e r s  e x p e c t  t o o  
much o f  p u p i l s
2 3 .  P u p i l s  h a v e  d i f f i c u l t y  
i n  u n d e r s t a n d i n g  why ,  
i n  any c o l l i s i o n ,  
momentum m u s t  be 
c o n s e r v e d  b u t  
k i n e t i c  e n e r g y  may
be c o n s e r v e d .
2 4 .  P u p i l s  c o n f u s e  
momentum w i t h  
i n e r t i a
S t r o n g l y S t r o n g l y
A g ree A g re e D i s a g r e e D i s a g r e e
- 1 1 -
S t r o n g l y
A g re e
A g ree D i s a g r e e S t r o n g l y
D i s a g r e e
2 5 .  The  d i f f i c u l t i e s  
p u p i l s  h a v e  i n  
u n d e r s t a n d i n g  t h e  
c o n c e p t s  o f  momentum 
and e n e r g y  a r e  l a r g e l y  
due  t o  p o o r  t e a c h i n g
You w i l l  p o s s i b l y  be a w a re  o f  o t h e r  d i f f i c u l t i e s  y o u r  
p u p i l s  h a v e  had  i n  u n d e r s t a n d i n g  t h e  c o n c e p t s  o f  
momentum and e n e r g y .  I f  s o ,  we w o u l d  be p l e a s e d  i f  
yo u  w o u l d  b r i e f l y  i n d i c a t e  t h e s e  d i f f i c u l t i e s  b e l o w : -
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PflRT E -  S t a t i s t i c a l  i n f o r m a t i o n
We w o u ld  a p p r e c i a t e  y o u r  a s s i s t a n c e  i n  p r o v i d i n g  some 
s t a t i s t i c a l  d a t a  a b o u t  y o u r s e l f ,  y o u r  s c h o o l  and y o u r  
p u p i l s .  T h i s  i n f o r m a t i o n  w i l l ,  o f  c o u r s e ,  be t r e a t e d  as 
c o n f i d e n t i a l  b u t  w i l l  be v e r y  u s e f u l  i n  v a l i d a t i n g  t h e  
r e s e a r c h  f i n d i n g s .
P l e a s e  c o m p l e t e  t h i s  s e c t i o n  by e n t e r i n g  t i c k s  i n  t h e  
a p p r o p r i a t e  b o x e s .
1 .  What t y p e  o f  s c h o o l  a r e  y ou t e a c h i n g  i n  a t  p r e s e n t ?
C o m p r e h e n s i v e  S1-S6  |_____ C o m p r e h e n s i v e  S1-S4    O t h e r□
s i and S2 U n d e r ?nn 2 0 0 - 4 0 0 0v e r 400
S3 and S4 U n d e r 200 2 0 0 - 4 0 0 O ver 400
S5 and S6 U n d e r 100 1 0 0 - 2 0 0 O ver 200
5 .
3 . How many p u p i l s a r e s t u d y i n q  p h y s i c s ?
S3 U n d e r  20 ? n - 4 n  I 1 O ver 40 1 ... .1
S4 U n d e r  20 20 — 40 1 ..... t O ver 40 | 1
S5 U n d e r  20. ■ 2 0 - 4 0  L_ i Over 40
56 U n d e r  5 5 - 1 0  I ___ 1 O ver 10
4 . I n p h y s i c s ,  do y o u r p u p i l s  make u s e  o f
( a )  a t e x t  b oo k ?
( b )  d u p l i c a t e d  n o t e s ?
( c )  some c o m b i n a t i o n  o f  ( a )  and ( b )
( d )  t h e i r  own n o t e s
I f  a t e x t  book  i s  u s e d ,  i s  i t
( a )  J a r d i n e ! s P h y s i c s  i s  Fun Book 3 / 4
( b )  J a r d i n e 1s N a t . P h i l  3 / 4 / 5  o r  N a t .  P h i l  0
( c )  B u r n s 1 H i g h e r  G ra d e  P h y s i c s
( d )  Some o t h e r  book  ( e . g .  .....................................
- 1 3 -
PART E ( c o n t i n u e d )
6, Houj o f t e n ,  on average ,  would your p u p i l s  do 
p r a c t i c a l  exper im ents?
(a )  E v e r y  l e s s o n  I I
( b )  Two o u t  o f  e v e r y  t h r e e  l e s s o n s
( c )  Once p e r  week [
( d )  Once p e r  m o n th  ( 1
7 . I n  y o u r  o p i n i o n ,  i s  y o u r s c h o o l
( a ) w e l l  e q u i p p e d □
( b ) r e a s o n a b l y  e q u i p p e d
( c ) p o o r l y  e q u i p p e d 1____ 1
f o r d o i n g  p r a c t i c a l  e x p e r i m e n t s  i n p h y s i c s ?
8 . When d o i n g  p r a c t i c a l  exp e r i m e n t s , do y o u r  pup i l s
make u s e  o f
( a ) J a r d i n e ! s N a t . P h i l , W o rk b o o k s 3 / 4 / 5 ? [
( b ) some o t h e r  b o o k?  (e
( c ) w o r k s h e e t s  p r o d u c e d i n  t h e  sc h o o l ?
9 . A t  t h e  end o f  t h i s  c u r r e n t  s e s s i o n , w i l l  you be
p r e s e n t i n g  p u p i l s  f o r
( a ) 0 - G r a d e  P h y s i c s ? Yes 1 
1------
J No L—I j—
( b ) H - G r a d e  P h y s i c s Yes 1 J N o L
( c ) C . S . Y . S .  P h y s i c s ? Y R S  I No C
1 0 ,  UJhat p r e v i o u s  e x p e r i e n c e  do you  h ave  o f  p r e s e n t i n g  
p u p i l s  f o r  _____
(a )  0 - G r a d e  P h y s i c s ?  1 - 2  Y r s  ..-33—5 Y r s  L——I
M ore  t h a n  5 Y rs
( b )  H - G r a d e  P h y s i c s ?  1 - 2  Y r s l 13—5 Y r s  | D
M ore  t h a n  5 Y r s
( c )  C . S . Y . S .  P h y s i c s ?  1 - 2  Yrs ]  13 - 5  Y r s
More  t h a n  5 Y r s
1 1 ,  Have you  any  e x p e r i e n c e  as a m a r k e r  o f  S . C . E .  
0 —G ra d e  o r  H—G ra d e  P h y s i c s ?
Y es I 1 No 1 1
APPENDIX B.
NEWTONIAN MECHANICS
S u b - s e c t i o n  , J . T i m e ,  v e l o c i t y  and a c c e l e r a t i o n
A. C o g n i t i v e
P u p i l s  s h o u l d  a c q u i r e  t h e  a b i l i t y  t o :
1 .  r e c a l l  some m e t h o d s  o f  m e a s u r i n g  t i m e  i n t e r v a l s
2# r e c a l l  t h a t  t h e  f r e q u e n c y  o f  a r e g u l a r l y  r e p e t i t i v e
m o t i o n  i s  e q u a l  t o  t h e  g r e a t e s t  o f  t h e  s t r o b e  
f r e q u e n c i e s  r e q u i r e d  t o  ’ s t o p  t h a t  m o t i o n ’
3 .  r e c a l l  t h a t  an o b j e c t  f a l l i n g  f r e e l y  n e a r  t h e  
E a r t h ^ s  s u r f a c e  moves w i t h  a u n i f o r m  a c c e l e r a t i o n  
o f  a p p r o x i m a t e l y  10 m s “ 2
4 .  r e c a l l  an e x p e r i m e n t  t o  r e c o r d  t h e  m o t i o n  o f  an 
o b j e c t  f a l l i n g  v e r t i c a l l y
5 .  c l a s s i f y  p h y s i c a l  q u a n t i t i e s  as v e c t o r s  o r  s c a l a r s
6 .  r e c a l l  t h a t  v e c t o r  q u a n t i t i e s  a r e  o n l y  s p e c i f i e d  i f  
t h e i r  d i r e c t i o n  as w e l l  as t h e i r  m a g n i t u d e  i s  know n
7 .  e x p l a i n  how a r e g u l a r l y  r e p e t i t i v e  m o t i o n  can  
a p p a r e n t l y  be s t o p p e d  by a s t r o b o s c o p e  f o r  a num ber  
o f  s t r o b e  f r e q u e n c i e s *
8 .  d i s t i n g u i s h  b e t w e e n  u n i f o r m  s p e e d  and a v e r a g e  sp e e d
9*  c o m p u t e  t h e  m a g n i t u d e  o f  e q u a l  s u c c e s s i v e  t i m e
i n t e r v a l s  f r o m  s t r o b e  d a t a
1 0 .  c a l c u l a t e  o ne  o f  t h e  q u a n t i t i e s  s p e e d  ( u n i f o r m  
o r  a v e r a g e ) ,  t i m e  t a k e n  and d i s t a n c e  t r a v e l l e d  
g i v e n  t h e  o t h e r  tw o
1 1 .  c a l c u l a t e  one  o f  t h e  q u a n t i t i e s  a c c e l e r a t i o n  and 
f i n a l  s p e e d  g i v e n  t h e  o t h e r  t o g e t h e r  w i t h  t h e  
i n i t i a l  s p e e d  and  t h e  t i m e  t a k e n
1 2 .  d r a w  a s p e e d - t i m e  g r a p h  f r o m  d a t a  p r o v i d e d
1 3 .  use  g r a p h i c a l  m e t h o d s  f o r  t h e  v e c t o r  a d d i t i o n  
o f  d i s p l a c e m e n t s  and t h e  v e c t o r  a d d i t i o n  o f  
v e l o c i t i e s
1 4 .  i n t e r p r e t  q u a l i t a t i v e l y  s p e e d - t i m e  g r a p h s  i n  
t e r m s  o f  s p e e d  and a c c e l e r a t i o n
1 5 .  i n t e r p r e t  q u a l i t a t i v e l y  a r e c o r d  ( s u c h  as a t a p e  
o r  m u l t i - f l a s h  p h o t o g r a p h )  o f  t h e  m o t i o n  o f  an 
o b j e c t  i n  t e r m s  o f  s p e e d  and a c c e l e r a t i o n
1 6 .  use  t h e  t e r m s  a c c e l e r a t i o n ,  d i s p l a c e m e n t ,  v e l o c i t y ,  
s c a l a r ,  v e c t o r ,  u n i f o r m  s p e e d ,  a v e r a g e  s p e e d ,  
a v e r a g e  a c c e l e r a t i o n  c o r r e c t l y  i n  c o n t e x t
1 7 .  c o m p u te  s p e e d  f r o m  a r e c o r d  ( s u c h  as a t a p e  o r  
m u l t i - f l a s h  p h o t o g r a p h )  o f  t h e  m o t i o n  o f  an 
o b j e c t  m o v in g  w i t h  u n i f o r m  sp ee d
I B .  c o m p u t e  a c c e l e r a t i o n  f r o m  a r e c o r d  ( s u c h  as a t a p e
o r  m u l t i - f l a s h  p h o t o g r a p h )  o f  t h e  m o t i o n  o f  a 
u n i f o r m l y  a c c e l e r a t i n g  o b j e c t .
B. L a b o r a t o r y  S k i l l s
P u p i l s  s h o u ld  a c q u i r e  t h e  a b i l i t y  t o :
1 .  u s e  a s i m p l e  hand  s t r o b o s c o p e  t o  ’ s t o p ’ a r e g u l a r l y  
r e p e t i t i v e  m o t i o n
2 .  use  some t i m i n g  d e v i c e s
3 .  s e t  up a v i b r a t o r  and t a p e ,  and use  the m  t o  r e c o r d  
t h e  m o t i o n  o f  an o b j e c t
4 .  s e l e c t  t h e  a p p r o p r i a t e  t i m i n g  d e v i c e  f o r  a g i v e n  
s i t u a t i o n .
S u b - s e c t i o n  J 3 , J 4 .  I n e r t i a ,  f o r c e  mass and w e i g h t
A. C o q n i t i v e
P u p i l s  s h o u l d  a c q u i r e  t h e  a b i l i t y  t o :
1 .  r e c a l l  t h a t  w h i l e  an o b j e c t  i s  a c t e d  upo n  by a 
b a l a n c e d  s y s t e m  o f  f o r c e s  i t s  v e l o c i t y  r e m a i n s  
c o n s t a n t
2 .  r e c a l l  t h a t  an u n b a l a n c e d  s y s t e m  o f  f o r c e s  c h a n g e s  
t h e  v e l o c i t y  o f  t h e  o b j e c t
3 .  r e l a t e  r e s t  and m o t i o n  i n  a s t r a i g h t  l i n e  a t  
c o n s t a n t  s p e e d  w i t h  c o n s t a n t  v e l o c i t y
A.  i d e n t i f y  t h e  d i r e c t i o n  i n  w h i c h  f r i c t i o n a l  f o r c e s
a c t  on a m o v in g  o b j e c t
5 .  r e c a l l  t h a t  t h e  a c c e l e r a t i o n  o f  an o b j e c t  i s  i n  t h e
same d i r e c t i o n  as t h e  r e s u l t a n t  f o r c e  a c t i n g  on t h e
o b j e c t
6 .  r e c a l l  t h a t  t h e  a c c e l e r a t i o n  o f  an o b j e c t  v a r i e s
d i r e c t l y  as t h e  r e s u l t a n t  f o r c e  on i t  p r o v i d e d  t h e
mass o f  t h e  o b j e c t  r e m a i n s  c o n s t a n t
7 .  r e c a l l  t h a t  t h e  a c c e l e r a t i o n  o f  an o b j e c t  v a r i e s  
i n v e r s e l y  as t h e  mass p r o v i d e d  t h e  r e s u l t a n t  f o r c e  
r e m a i n s  c o n s t a n t
8 .  i n t e r p r e t  t h e  m o t i o n  o f  an o b j e c t  f a l l i n g  t h r o u g h  a 
f l u i d  i n  t e r m s  o f  t h e  f o r c e s  a c t i n g  on i t
9 .  r e c a l l  t h a t  i f  a mass o f  1 k i l o g r a m  i s  a c c e l e r a t i n g  
a t  1 m s “ 2 t h e  r e s u l t a n t  f o r c e  a c t i n g  on i t  i s
1 n e w to n
1 0 .  s o l v e  s i m p l e  q u a n t i t a t i v e  p r o b l e m s  i n v o l v i n g  t h e  
r e l a t i o n s h i p s  b e t w e e n  m ass ,  f o r c e  and a c c e l e r a t i o n
1 1 .  u s e  v e c t o r  a d d i t i o n  t o  f i n d  t h e  r e s u l t a n t  o f  a 
num be r  o f  f o r c e s
1 2 .  r e s o l v e  a f o r c e  i n t o  i t s  r e c t a n g u l a r  c o m p o n e n t s
1 3 .  u s e  t h e  a p p r o x i m a t e  v a l u e  10 N kg  f o r  t h e  
g r a v i t a t i o n a l  f i e l d  s t r e n g t h  n e a r  t h e  s u r f a c e  o f  t h e  
E a r t h  t o  c a l c u l a t e  t h e  w e i g h t s  o f  o b j e c t s  o f  d i f f e r e n t
m asses
1 4 .  e x p l a i n  how t h e  a c c e l e r a t i o n  due  t o  g r a v i t y  a t  a 
p o i n t  i n  t h e  E a r t h ’ s g r a v i t a t i o n a l  f i e l d  i s  
i n d e p e n d e n t  o f  t h e  m a sse s  o f  o b j e c t s
1 5 .  e x p l a i n  how p r o j e c t i l e  m o t i o n  ca n  be t r e a t e d  as 
tw o  i n d e p e n d e n t  m o t i o n s ,  a v e r t i c a l  a c c e l e r a t i o n  
and a c o n s t a n t  h o r i z o n t a l  v e l o c i t y
1 6 .  e x p l a i n  s a t e l l i t e  m o t i o n  as an e x t e n s i o n  o f  
p r o j e c t i l e  m o t i o n
1 7 .  use  t h e  f o l l o w i n g  t e r m s  c o r r e c t l y  i n  c o n t e x t :
u n b a l a n c e d  ( r e s u l t a n t )  f o r c e ,  c o m p o n e n t  
o f  a f o r c e ,  r e s o l u t i o n ,  t e r m i n a l  v e l o c i t y ,  
m ass ,  i n e r t i a ,  w e i g h t ,  g r a v i t y ,  g r a v i t a t i o n a l  
f i e l d  s t r e n g t h ,  n e w t o n ,  p r o j e c t i l e ,  s a t e l l i t e
1 8 .  a p p l y  k n o w l e d g e  and c o m p r e h e n s i o n  o f  f o r c e s  and 
t h e i r  e f f e c t s  t o  i n t e r p r e t  t h e  m o t i o n  o f  o b j e c t s .
B.  L a b o r a t o r y  S k i l l s
P u p i l s  s h o u l d  a c q u i r e  t h e  a b i l i t y  t o :
1 *  s e l e c t  and use a p p a r a t u s  t o  cause  an o b j e c t  t o  
move i n  a s t r a i g h t  l i n e  w i t h  e i t h e r  u n i f o r m  o r  
u n i f o r m  a c c e l e r a t i o n .
S u b - s e c t i o n s  , Jg . Momentum and E n e r g y .
A, E o o n i t i v e
P u p i l s  s h o u l d  a c q u i r e  t h e  a b i l i t y  t o :
1 .  r e c a l l  t h a t  t h e  momentum o f  an o b j e c t  i s  t h e  p r o d u c t  
o f  i t s  mass and v e l o c i t y
2 .  r e c a l l  t h a t  momentum i s  a v e c t o r  q u a n t i t y
3 .  r e c a l l  t h a t  t h e  p r o d u c t  o f  a f o r c e  and t h e  d i s t a n c e
moved a l o n g ’ i t s  l i n e  o f  a c t i o n  i s  a measure  o f  t h e  
work done and o f  t h e  e n e rg y  t r a n s f e r r e d
4 .  r e c a l l  t h a t  e n e r g y  i s  a s c a l a r  q u a n t i t y
5 .  r e c a l l  t h a t  power i s  t h e  r a t e  a t  w hich  e n e rg y
i s  t r a n s f e r r e d
6 .  r e c a l l  t h a t ,  f o r  t h e  s p e c i a l  case  o f  i n t e r a c t i o n s  
i n  one d i m e n s i o n ,  momentum i s  c o n s e r v e d  i n  a system  
t h a t  has no e x t e r n a l  f o r c e s  a c t i n g  on i t
7 .  r e c a l l  t h a t  a c t i o n  and r e - a c t i o n  f o r c e s  a r e  e q u a l  
i n  m a g n i t u d e  b u t  o p p o s i t e  i n  d i r e c t i o n
8 .  r e l a t e  a c t i o n  and r e —a c t i o n  p a i r s  o f  f o r c e s  t o  t h e  
o b j e c t s  on w h ich  each f o r c e  a c t s
9 • c a l c u l a t e  t h e  k i n e t i c  e n e r g y  o f  a m o v in g  o b j e c t  
g i v e n  i t s  mass and sp ee d
1 0 .  c a l c u l a t e  t h e  c h a n g e  i n  p o t e n t i a l  e n e r g y  o f  a
mass moved i n  a g r a v i t a t i o n a l  f i e l d
1 1 .  a p p l y  t h e  Law o f  C o n s e r v a t i o n  o f  Momentum t o
t h e  s o l u t i o n  o f  a s i m p l e  o n e - d i m e n s i o n a l  
i n t e r a c t i o n  p r o b l e m s
1 2 .  s o l v e  s i m p l e  p r o b l e m s  on t h e  i n t e r c o n v e r s i o n  o f  
k i n e t i c  and p o t e n t i a l  e n e r g y
1 3 .  c a l c u l a t e  t h e  e f f i c i e n c y  o f  a s i m p l e  m a c h i n e  f r o m  
c o n s i d e r a t i o n  o f  t h e  e n e r g y  i n p u t  and t h e  u s e f u l  
e n e r g y
1 4 .  s o l v e  s i m p l e  n u m e r i c a l  p r o b l e m s  i n v o l v i n g  e n e r g y  
t r a n s f e r ,  w o rk  and p o w e r
1 5 .  i n t e r p r e t  some s i m p l e  p h y s i c a l  phenom ena  i n  t e r m s
o f  momentum c o n s e r v a t i o n
1 6 .  e x p l a i n  why a m a c h in e  i s  n o t  100% e f f i c i e n t
1 7 .  c o m p a r e  e l a s t i c  and i n e l a s t i c  c o l l i s i o n s  i n  t e r m s
o f  k i n e t i c  e n e r g y  c o n s e r v a t i o n
1 8 .  u s e  t h e  f o l l o w i n g  t e r m s  c o r r e c t l y  i n  c o n t e x t :
e n e r g y ,  e n e r g y  i n p u t *  e n e r g y  o u t p u t ,  p o t e n t i a l
e n e r g y ,  k i n e t i c  e n e r g y ,  a c t i o n ,  r e - s c t i o n ,  
momentum,  c o n s e r v a t i o n ,  e l a s t i c  c o l l i s i o n ,  
i n e l a s t i c  c o l l i s i o n ,  e f f i c i e n c y ,  m a c h i n e ,  w o r k ,  
p o w e r ,  j o u l e ,  w a t t .
B. L a b o r a t o r y  S k i l l s  
None .
APPENDIX C
The  f o u r  a b i l i t y  c a t e g o r i e s  u s e d  i n  t h e  c o n s t r u c t i o n  o f  t h e  
m u l t i p l e —c h o i c e  p a p e r s  a r e  b a s e d  on B l o o m ’ s t a x o n o m y .
C a t e g o r y  A. K n o w l e d g e
R e c a l l  o f  u s e f u l  i n f o r m a t i o n ,  n o t  i n e r t  
o r  i n o p e r a t i v e  i d e a s .
C a t e g o r y  B.  C o m p r e h e n s i o n
A b i l i t y  t o  a p p l y  a p r i n c i p l e  t o  a s i t u a t i o n  
w h i c h  i t  i s  r e a s o n a b l e  t o  e x p e c t  m o s t  p u p i l s  
t o  h a v e  e n c o u n t e r e d  i n  c l a s s  and w h e r e  i t  
s h o u l d  be o b v i o u s  t o  t h e  p u p i l  w h i c h  p r i n c i p l e  
s h o u l d  be u s e d .
C a t e g o r y  C. A p p l i c a t i o n
A b i l i t y  t o  a p p l y  a p r i n c i p l e  t o  a s i t u a t i o n  w h i c h  
m o s t  p u p i l s  w o u l d  n o t  h ave  e n c o u n t e r e d  i n  c l a s s  
and w h e r e  t h e  p u p i l  m u s t  f i r s t  s e l e c t  t h e  
a p p r o p r i a t e  p r i n c i p l e .
C a t e o o r v  D. H i g h e s t  A b i l i t i e s
T h i s  b r o a d  c a t e g o r y  w i l l  i n c l u d e :
( i )  t h e  a b i l i t y  t o  a p p l y  p r i n c i p l e s  t o  p r o b l e m  
s i t u a t i o n s ,  t h e  s o l u t i o n  t o  w h i c h  i n v o l v e s  
t w o  o r  more  s t a g e s ;
( i i )  t h e  d e s i g n  o f  an e x p e r i m e n t  a n d / o r  t h e
s e l e c t i o n  o f  a p p a r a t u s  o f  s u i t a b l e  r a n g e ,  
t y p e  and s e n s i t i v i t y
( i i i )  t h e  c r i t i c a l  a p p r a i s a l  o f  m e a s u r e m e n t s  and 
t h e  i n t e r p r e t a t i o n  o f  d a t a .
APPENDIX D
The f o u r  a b i l i t y  g r o u p i n g s  used i n  t h e  c o n s t r u c t i o n  o f
t h e  e x t e n d e d  a n s w e r  p a p e r s  a r e  as f o l l o w s :
1 .  C o m m u n i c a t i o n
P u p i l s  s h o u l d  be a b l e  t o
a) s t a t e  p h y s i c s  i n f o r m a t i o n  i n c l u d i n g  f a c t s ,  
t e r m i n o l o g y ,  c o n v e n t i o n s ,  c o n c e p t s ,  p r i n c i p l e s ,  
t h e o r i e s  and m o d e l s
b)  d e s c r i b e  a p p l i c a t i o n s  o f  p h y s i c s  k n o w l e d g e
c )  d e s c r i b e  f a m i l i a r  e x p e r i m e n t s
d)  d e s c r i b e  t h e  l i m i t a t i o n s  i n  f a m i l i a r  a p p a r a t u s  
and  e x p e r i m e n t s
e)  e x p l a i n  p h e n o m e n a  i n  t e r m s  o f  known p r i n c i p l e s
f )  j u s t i f y  o r  g i v e  r e a s o n s  f o r  s t a t e m e n t s  o f  
e x p l a n a t i o n
g)  d i s c u s s  m a n ’ s i n t e r a c t i o n  w i t h  h i s  e n v i r o n m e n t
h)  c r i t i c i s e  e x p l a n a t i o n s  o f  f a m i l i a r  p h y s i c a l  
p he n o m e n a
i )  c r i t i c i s e  t h e  s e l e c t i o n  and use  o f  a p p a r a t u s  
i n  f a m i l i a r  e x p e r i m e n t s
j )  i n t e r p r e t  p a s s a g e s  o f  s c i e n t i f i c  l i t e r a t u r e
c o n c e r n e d  w i t h  s i m p l e  p h y s i c a l  phenom ena
2 .  S y s t e m a t i c  p r o b l e m  s o l v i n g  ( s e e  f o o t n o t e )
P u p i l s  s h o u l d  be a b l e  t o  s o l v e  p r o b l e m s  by
a) s e l e c t i n g  a p r i n c i p l e  o r  p r i n c i p l e s  i n  t h e  f o r m
o f  a m a t h e m a t i c a l  m o d e l
b)  s e l e c t i n g  a p p r o p r i a t e  d a t a  f r o m  t h a t  g i v e n ,  
s u b s t i t u t i n g  n u m e r i c a l  v a l u e s  and c o m p l e t i n g  
a c a l c u l a t i o n .
3 .  D a t a  a n a l y s i s  ( s e e  f o o t n o t e )
P u p i l s  s h o u ld  be a b l e  t o
a) p l o t  an a p p r o p r i a t e  g r a p h ,  i n t e r p o l a t e  p o i n t s  on 
a g ra p h  and e x t r a p o l a t e  a g raph
b) c o m p i le  and e x t e n d  a t a b l e  o f  d a t a
c) p e r f o r m  m a t h e m a t i c a l  c a l c u l a t i o n s  l e a d i n g  t o  o r
f o l l o w i n g  f ro m  o t h e r  o p e r a t i o n s .
4 .  C r e a t i v i t y
P u p i l s  s h o u ld  be a b l e  t o
a ) ( i )  d e v i s e  and d e s c r i b e  e x p e r i m e n t a l  p r o c e d u r e s
w hich  t h e y  a r e  u n l i k e l y  t o  have e n c o u n t e r e d  
i n  c l a s s
APPENDIX E
MOMENTUM TEST QUESTIONS
1 .  The p ro d u c t mass x  v e l o c i t y  i s  a  m easure o f
A fo r c e  
B e n e rg y  
C pow er 
D w o rk  
E momentum
2 .  The masses an d  v e l o c i t i e s  o f  f i v e  m ovin g  t r o l l e y s  a r e
( i )  4  k g  m oving  a t  6 m s
( , i i )  5 k g  m oving  a t  5 m s
( . i i i j  6 k g  m ovin g  a t  4  ® s





( v )  8 k g  m o vin g  a t  3 m s ” ^
The t r o l l e y  w i t h  th e  g r e a t e s t  momentum is
A { ! )
B ( ii ;
C ( i i i j  
D ( i v j  
E ( v )
3 .  The d ia g ra m  shows a  3 k g  mass m oving a t  c o n s ta n t  speed  
b y  a  s tro b o s c o p e  f l a s h i n g  w it h  f r e q u e n c y  10 H z .
2 cm 2 cmcm
W hat i s  th e  momentum o f  th e  3 k g  mass?
10  x  3 A — ^—  k g  m s -1
T, 10  x  2 . - 1
3 x  1 0 0  s  m s
„  1 0  x  3 x  2 , - 10--- --- ---------- kg m s
3 x 2  . -1D _ *  • Kg m s
1 0  x  1 0 0  6
„  2 x  1 0 0  , ..............- 1
E 3 x  To“  k« ms
g iv e n  b e lo w
i l lu m in a t e d
3 .
7 .  A b u l l e t  o f  mass m an d  momentum X i s  f i r e d  a t  a  s t a t io n a r y  t r o l l e y
on w h ic h  i s  f i x e d  a  lum p o f  p l a s t i c i n e .  The com bined mass o f  t r o l l e y  
p lu s  p l a s t i c i n e  i s  M. The b u l l e t  s t r i k e s  th e  p l a s t i c i n e  an d  becomes 
em bedded i n  i t .
bullet
P la s t i c i n e
n e g l i g i b l e  f r i c t i o n t r o l l e y









8 .  The m asses and v e l o c i t i e s  o f  two b o d ie s  b e fo r e  th e y  c o l l i d e  a r e  shown 
i n  th e  d ia g ra m . On im p a c t th e  b o d ie s  s t i c k  to g e t h e r .
1 6  m s 
 ►
-1 4 m s -1
2 k g 6 k g
W hat i s  th e  sp eed  o f  th e  com bined body a f t e r  th e  c o l l i s io n ?
A i  - 11 m s
B , - 1  4 m s
0 7 m s " 1
P 10  m s” 1
E 16 m s ’ 1
4 .
9# The d ia g ra m s  show th e  c o l l i s i o n  be tw een  a  t r o l l e y  P o f  mass o .2  k g  
m ovin g  w i t h  sp eed  3 m s “ l  and  a  s t a t io n a r y  t r o l l e y  Q o f  mass 0 .4  k g .
P  - l  Q.
3 n s  x e s t
B e fo re  C o l l i s io n
^ ___ 2 m s ” 1  P Q i
v  m s ”
A f t e r  C o l l i s io n
I f  th e  sp eed  o f  t r o l l e y  P a f t e r  th e  c o l l i s i o n  is  2  d  s \  w h at i s  V 
th e  sp eed  o f  t r o l l e y  Q?
A . 1 .0 m
- 1s
B 1 .5 m
- 1s
C 2 .0 m
- 1s
D 2 .5 m
- 1
3
E 5 .0 m
- 1s
GO ON TO NEXT PACT}
5.
1 0 .  The v e l o c i t y - t i m e  g ra p h  shows a  c o l l i s i o n  b e tw ee n  tw o t r o l l e y s  A 
an d  B on l e v e l  s u r fa c e
V e lo c i t y  
(cm  s ’"1 )
4








I f  th e  mass o f  t r o l l e y  A i s  0 .6  k g , w h at i s  th e  mass o f  t r o l l e y  B?
A 0 .1 5  k g  
B 0 . 2  k g  
C 0 .3  k g  
D 0 . 4  k g  
E 0 .6  k g
1 1 .  The k i n e t i c  e n e rg y  o f  a  2 k g  mass i s  16  J .  W hat i s  i t s  momentum?
-1A  2 k g  m s
B 4  k g  m s
C 8  k g  m s
-1
-1
D 16 k g  m s 




1 2 .  The d ia g ra m s  b e lo w  show th e  c o l l i s i o n  b e tw ee n  a  m oving  b a l l  an d  a  w a l l
b e fo r e  c o l l i s i o n a f t e r  c o l l i s i o n
/ / / / / / / / / Z / /
45° /
/
/ / / / / /-J/ / / / /
N 45°
W h ich  v e c t o r  r e p r e s e n ts  th e  im p u ls e  e x e r t e d  b y  th e  b a l l  on th e  w a l l  ?
( A )  (B ) (C )  (D )
*
(E )
1 2 .  k  r u b b e r  b a l l  o f  mass 0.25  k g  i s  th ro w n  p e r p e n d ic u la r ly  a g a in s t  a  





The change o f  momentum o f  th e  b a l l  i s
k z e r o
B 2 .5
- 1
C 5 k g  m s
D 1 2 .5  k g  m s' 
- 1
E 20  k g  m s
7.
1 4 .  Two t r o l l e y s ,  P an d  Q, s ta n d  a t  r e s t  w i t h  a  com pressed s p r in g  
b e tw ee n  them  as show n.









When th e  s p r in g  i s  r e le a s e d ,  t r o l l e y  P moves o f f  to  th e  l e f t  a t  4  m s " 1 .  
The v e l o c i t y  o f  t r o l l e y  Q, to  th e  r i g h t  i s  g iv e n  b y
6 x 5  -1A — -—^ m s4
50 x  4 0  - 1
—6~ m s
( 5 0 + 6 0 )  - 1— j-------L m s4
( 5 + 6 ) -1  
■"W i ",— L m s4
5 x 4  -1
65 m s
1 5 .  Two i d e n t i c a l  t r o l l e y s ,  one h a v in g  a  1 k g  mass f i x e d  to  i t ,  a r e  e x p lo d e d  
a p a r t  on a  l e v e l  ru n w a y .
0 .3  m s -1 0 .2  m s -1
1 kg
The sp eed s o f  th e  t r o l l e y s  a f t e r  th e  e x p lo s io n  a r e  as  shown. The mass 
o f  e a c h  t r o l l e y  i s
A §  k g  
B 1 k g  
C 3 /2  k g  
D 2 k g  
E 5 /2  k g .
Two bodies each o f  mass m have speeds v  as shown.
W hat i s  th e  t o t a l  momentum and t o t a l  k i n e t i c  e n e rg y  o f  th e  two b o d ie s ?
momentum k i n e t i c  e n e rg y
A 2 mv _ _ 2mv




Two f r e e - r u n n in g  t r o l l e y s  P and Q a r e  on a. l e v e l  s u r fa c e  and a r e  
jo in e d  b y  a s t r e t c h e d  e l a s t i c  t h r e a d .
th r e a d
q a —- -g A -a . corkcjgXZZ-^°X]
On im p a c t th e  t r o l l e y s  s t i c k  t o g e t h e r  and move s lo w ly  to  th e  l e f t .
T h is  shows t h a t  t r o l l e y  Q : -
A has a  g r e a t e r  mass th a n  P 
B was m oving  f a s t e r  th a n  P a t  im p a c t  
C was r e le a s e d  s h o r t ly  b e fo r e  P  
D had  a  g r e a t e r  a c c e le r a t io n  th a n  P b e fo r e  im p a c t 
E e x e r te d  a  g r e a t e r  fo r c e  th a n  P a t  im p a c t.
GO ON TO NEXT PAGE
9.
1 8 .  A s p a c e c r a f t  o f  mass m m oving  w i t h  v e l o c i t y  v  i s  s e p a r a te d  i n t o  - 
tw o  p a r t s  b y  ’ e x p lo s iv e  h o l t s ’ . The l a r g e r  p a r t _ o f  mass f  m 
c o n t in u e s  a lo n g  th e  o r i g i n a l  c o u rs e  w i t h  v e l o c i t y  % v .
W h at i s  th e  v e l o c i t y  o f  th e  s m a l le r  p a r t?
* I
B t  v 
C v
D 3 /2  v  
E 2 v
1 9 .  -An im p u ls e  a p p l ie d  t o  a  bo dy  o f  mass m in c re a s e s  i t s  speed f r o m  
V 1 V 2 ^ " k k o u t  change o f  d i r e c t i o n .  The m a g n itu d e  o f  th e
im p u ls e  i s  g iv e n  b y  th e  e x p re s s io n  
A mv^ +  mvg
B mVg -  mv^
C m / v 1  +  v 2
^ 1 2 x 2D -gmv^  + fmv2
2 '  2E ^mv2 -  -gmv^
2 0 .  A mass o f  2 k g  i s  b ro u g h t  to  r e s t  i n  0 ,1  s b y  a  c o n s ta n t  fo r c e  o f  1  N .
W hat was th e  v e l o c i t y  o f  th e  mass b e fo r e  th e  fo r c e  began to  a c t?
A 0 .0 5  m s ’ 1  
B 0 . 1  m s ” 1  
C 0 . 2  m s ’ 1 
B 10  m s ” 1  
E 20  m s ’ 1
GO OH TO NEXT PAGE
10.
2 1 .  I f  th e  momentum o f  a  b a l l  o f  mass 0 .5  k g  i s  5 .0  k g  m s " 1 ,  i t s  
k i n e t i c  e n e rg y  i s
A 2 .5  J
B 5 .0  J
C 6 .2 5  j
D 1 2 .5  J
E 25 J
2 2 .  A bo dy i s  a c te d  on b y  a  c o n s ta n t  f o r c e  F  f o r  a  t im e  t  s e c o n d s . 
The f o r c e - t i m e  g ra p h  i s  shown
t im e ( s )
The sh ad ed  a r e a  r e p r e s e n ts  th e
A a c c e le r a t io n  o f  th e  body  
B d is ta n c e  t r a v e l l e d  b y  th e  body  
C w o rk  done on th e  body  
D im p u ls e  o f  th e  fo r c e  on th e  body  
E change i n  k i n e t i c  e n e rg y  o f  th e  body
2 3 .  An u n b a la n c e d  fo r c e  o f  80  N a c ts  on a  t r o l l e y  o f  mass 4  k g  f o r  a  
t im e  o f  0 . 2  s .  The change o f  momentum o f  th e  t r o l l e y  is
A 8 k g  m s " 1
B 16 k g  m s " 1
- 1
C 20  k g  m s
D 320 k g  m s "
E 400 k g  m s " '
11.
24 .  The ram  o f  a  p i l e  d r i v e r  o f  mass 500  k g  drop s on to  a  p i l e  w i t h  
a  sp eed  o f  3 ms"-*- .
I f  th e  ram  comes t o  r e s t  i n  0 .5  s ,  th e  fo r c e  e x e r t e d  on th e  p i l e  i s :
A 1 5 0 0  N
B 3000 N
C 5 0 00  N
D 15 000 N
E 3 0  0 0 0  N
2 5 .  I d e n t i c a l  t r o l l e y s  a r e  s e t  up as  shown and c o n n ec te d  b y  an e l a s t i c
t h r e a d .  The t r o l l e y s  a r e  p u l le d  a p a r t  u n t i l  t h e i r  s e p a r a t io n  i s  1  m.
e l a s t i c  th r e a d
Lq  q I
X  Y
T h ey  a r e  th e n  r e le a s e d  a t  th e  same t im e  and c o l l i d e  a t  a d is ta n c e  o f
A 25 cm fro m  X
B 25 cm fro m  Y
C 50 cm fro m  X
TV 1 0 0  P  VD —r — cm fro m  X
3
w  1 0 0  p  VE —=— cm fro m  Y3
2 6 .  In  an  e l a s t i c  c o l l i s i o n  b e tw ee n  tw o b o d ie s ,  w h a t changes o c c u r in  t h e i r  
t o t a l  k i n e t i c  e n e rg y  an d  t o t a l  momentum?
T o t a l  
k i n e t i c  e n e rg y
T o t a l
momentum
A d e c re a s e s d e c re a s e s
B d e c re a s e s no change
C no change no change
D no change d e c re a s e s





2 7 .  In  th e  d ia g ra m ^ b e lo w , A has a  mass o f  2 k g . I t  t r a v e ls  t o  th e  
l e f t  a t  4  ® s on a  l e v e l ,  f r i c t i o n l e s s  s u r f a c e ,  c o l l id e s  w i t h  
a  s t a t io n a r y  mass B an d  rebo un ds to  th e  r i g h t  w i t h  a  sp eed  o f  
1 m s-1 .
The f o r c e  e x e r t e d  b y  A on B d u r in g  im p a c t was
A 0 .4  N
B 1 .5  N
C 2 .5  N
D 6 .0  N
E 1 0 .0  N
A t r o l l e y  o f  mass 4 kg c o l l id e s  w i t h  and s t ic k s  to  a  s t a t io n a r y
t r o l l e y  o f  -mass 12 k g . H ere  is  a  g ra p h  o f  sp eed  a g a in s t  t im e  f o r
th e  4 k g  t r o l l e y .
time








2 9 .  The momentum o f  a t r o l l e y  o f  mass 4  k g  i s  changed fro m  6 kg  m s” 1 
to  24  k g  m s ” 1 b y  a  c o n s ta n t  fo r c e  o f  3 N . F o r  how lo n g  does th e  
fo r c e  a c t  on th e  t r o l l e y  to  cause  t h i s  momentum change?





3 0 .  D u r in g  a  c o u rs e  a d ju s tm e n t  a  r o c k e t  s h ip  o f  mass 50 00 0  k g  uses
50 k g  o f  f u e l  i n  i t s  m ain  m o to rs . The f u e l  le a v e s  th e  m oto rs  a t  
an  a v e ra g e  sp eed  o f  1 0 0 0  ms"^ .
The change i n  sp eed  o f  th e  r o c k e t  w i l l  be a p p r o x im a te ly
A 1 0 m s
B 1 m s
C 10
- 1m s




3 1 .  I n  th e  d ia g ra m  b e lo w , b lo c k s  X and Y a r e  o f  e q u a l mass and th e  
h o r i z o n t a l  s u r fa c e  can be c o n s id e re d  to  be f r i c t i o n l e s s .
I n i t i a l l y ,  Y  i s  a t  r e s t  ju s t  above th e  l e v e l  o f  X , w h ic h  is  
in d ic a t e d  b y  th e  d o t te d  l i n e .  When X , m oving a t  a  u n ifo rm  
v e l o c i t y ,  passes u n d e r  Y , b lo c k  Y d ro p s  on to  and s t ic k s  to  b lo c k  X .
Y
How does th e  f i n a l  momentum and k i n e t i c  e n e rg y  o f  th e  com bined b lo c k s  
com pare w i t h  th e  o r i g i n a l  momentum and k i n e t i c  e n e rg y  o f  b lo c k  X?
Momentum K in e t ic  E n e rg y
A same d o u b le d
B h a lv e d d o u b led
C same same
D same h a lv e d







3 2 .  N e w to n 's  seco n d  la w  o f  m o tio n  may be e x p re s s e d  in  te rm s  o f  th e  
sym b ols  m, v ,  u  an d  t  w h ere  th e s e  sym bols have t h e i r  u s u a l  
m e a n in g s . W hat i s  th e  e x p re s s io n  f o r  th e  u n b a la n c e d  fo r c e  F?
A brv2 + irn 2 m p
"fc
1 2 2
B -gmv -  £mu. = p
C (mv -  m u jt  = F
D  H 3 L 1 J S 1  =  F
E J g - r - J M  .  F




t im e ( s e c )
I f  th e  mass has an  i n i t i a l  v e l o c i t y  o f  1 m s \  w h at i s  i t s  v e lo c i t y  
















GO ON TO NEXT PAGE
15.
3 4 .  When a  g o l f e r  
th e  c lu b  head  
o f  80  m s ~ l  . 
th e  b a l l?
*D 80 Nr> 0 .0 1  x 0 .0 5
c 0 .0 5  x 80 N
D o . o CJ
I CD o K 0 .0 1  N




h i t s  a  g o l f  b a l l  o f  mass 0.05  k g  i t  i s  in  c o n ta c t  w i t h  
f o r  0 .0 1  s .  The b a l l  le a v e s  th e  c lu b  w i t h  a  v e l o c i t y  
W hat a v e ra g e  fo r c e  i s  e x e r t e d  b y  th e  c lu b  head  on
0 .0 5  x  80  „  
0.01
3 5 *  -A s p a c e s h ip  o f  mass 1 0 0 0  k g  i s  t r a v e l l i n g  a t  10 00  m s”  th ro u g h  
d e ep  sp ace when i t s  e n g in e s  a r e  f i r e d  to  g iv e  a  t h r u s t  o f  1 o5n  
f o r  10  s e c o n d s .
W hat i s  th e  new sp eed  o f  th e  s p a c e s h ip  assum ing  t h a t  th e  f u e l  
u s e d  has been  n e g l ig ib le ?
A 10 0 0 m
- 1s
B 11 00 m
- 1
s
C 1 6 0 0 m
- 1s
D 20 00 m
.-1s
E 1 0 0 0 0 m
-1s
GO ON TO NEXT PAGE
16.
36 , The d ia g ra m s  b e lo w  show a  c o l l i s i o n  b e tw ee n  a  2 k g  mass m oving  
a t  3 . 4  m s “  an d  a  s t a t io n a r y  3 k g  m ass.
2 ms-1
3.4"1
2kg J  0 k g ]
B e fo re  c o l l i s i o n A f t e r  c o l l i s io n
W h ic h  v e c t o r  r e p r e s e n ts  th e  change i n  momentum o f  th e  2 k g  mass ?
3 7 .  Two s p h e re s  o f  mass 3 k g  and 2 k g  r e s p e c t i v e ly ,  a r e  m oving as shown. 
T h ey  c o l l i d e  an d  s t i c k  t o g e t h e r .
, - 1 c -14 ms 5 ins
The d i r e c t i o n  in  w h ic h  th e y  move o f f  i s  in d ic a te d  b y
17.
3 8 .  A pu ck  P  o f  mass 0 . 5  k g ,  t r a v e l l i n g  in  th e  d i r e c t io n  shown a t
2 m s " l  c o l l i d e s  w i t h  a  s t a t io n a r y  puck Q o f  th e  same mass a t  0 
a n d  th e  tw o  move o f f  as  shown.
/ \
I r  I 
\  /
\
A f t e r  th e  c o l l i s i o n  t h e ' t o t a l  momentum i n  th e  d i r e c t io n  0Y i s
A 1,00  k g  m s”1
B 0.86  k g  m s "1
-1
C 0.50  k g  m s
D O.46  k g  m s "1
E z e ro
GO ON TO NEXT PAGE
18.
3 9 .  An e x p lo s io n  b low s a  r o c k  in t o  th r e e  p a r ts  as shown i n  th e  
d ia g ra m .
a t  12 m s
a t
2 k g  a t  8 m s
W hat i s  th e  mass o f  fra g m e n t X?
A- 3 k g
B 4  k g
C 5 k g
D 6 k g
E 7 k g
GO ON TO NEXT PAGE
19.
4 0 .  Two t r o l l e y s  P an d  Q o f  e q u a l mass c o l l i d e  w ith o u t  lo s s  o f  
k i n e t i c  e n e rg y . The v e lo c i t y - t im e  g ra p h  shows th e  m o tio n  
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W hich  o f  th e  f o l lo w in g  v e lo c i t y - t im e  grap hs  c o u ld  r e p r e s e n t  th e  
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APPENDIX f
ENERGY TEST QUESTIONS 
W hich  o f  th e  f o l lo w i n g  i s  a  SCALAR q u a n t i ty ?
A momentum
B p o t e n t i a l  e n e rg y
C fo r c e
D v e l o c i t y
E a c c e le r a t io n
The k i n e t i c  e n e rg y  o f  a  p a r t i c l e  o f  mass m t r a v e l l i n g  a t  speed v 
i s  g iv e n  b y
A tfflv
B mv^
C i_ 2■gm v
D m^v2
E im v 2
W h ich  e x p re s s io n  r e p r e s e n ts  e n erg y?
A F o rc e  x  d is ta n c e  
B Mass x  v e l o c i t y  
C F o rc e  x  tim e  
D Mass x  a c c e le r a t io n  
E F o rc e  x  v e l o c i t y
P o t e n t i a l  e n e rg y  may be e x p re s s e d  in  th e  u n i t s -
A k g  m 
B k g  i  s "
C W
A jo u le  is  th e  e n e rg y  r e q u ir e d  to
A move a  1 kg  mass 1 m a g a in s t  a  f r i c t i o n  fo r c e  o f  1 N
B g iv e  a s t a t io n a r y  1 kg  mass a  v e l o c i t y  o f  1  m s '
C r a is e  a  1 k g  mass th ro u g h  a v e r t i c a l  d is ta n c e  o f  1 m
D b r in g  a  1 k g  mass m oving a i m  s ” l  to  r e s t  in  1 i
E a c c e le r a t e  a  1 k g  mass a t  1 m s"^  f o r  1 s .
The k i n e t i c  e n e rg y  o f  a  b u l l e t  f i r e d  w it h  v e l o c i t y  v  i s  2 J .  W hat i s
th e  k i n e t i c  e n e rg y  o f  th e  same b u l l e t  f i r e d  w i t h  v e l o c i t y  4  v?






7 •  Two masses m and 2m m ovin g  a lo n g  a f r i c t i o n l e s s  h o r i z o n t a l  s u r fa c e
c o l l i d e  an d  come t o  r e s t .  B e fo re  th e  c o l l i s i o n  th e  speed and k i n e t i c  
e n e rg y  o f  th e  masses w ere
speed k i n e t i c  e n e rg y
A m had g r e a t e r m had g r e a t e r
B b o th  had  same 2m had g r e a t e r
0 m had g r e a t e r b o th  had same
D b o th  had same b o th  had same
E 2m had g r e a t e r b o th  had same
8 .  H ere  i s  some in fo r m a t io n ,  re c o rd e d  a t  th e  same i n s t a n t ,  f o r  a  c e r t a in  
m ovin g  o b je c t
Mass = 3 k g
V e lo c i t y  ■ 4 ®
D is ta n c e  fro m  i t s  s t a r t in g - p o in t  = 20  m
E a r t h 's  g r a v i t a t i o n a l  f i e l d  = 10  N k g  ^
F r i c t i o n a l  fo rc e  a c t in g  = 4 N






9 .  Two b o d ie s  P o f  mass m and Q o f  mass 2 m a r e  m oving in  th e  same 
d i r e c t i o n .  E ach has th e  same k i n e t i c  e n e rg y .
I f  th e  same d e c e le r a t in g  fo r c e  i s  a p p l ie d  to  ea ch  how do th e  
s to p p in g  d is ta n c e s  and com pare?
GO ON TO NEXT PAGE
3.
1 0 .  H em isp h eres  P an d  Q a r e  la u n c h e d  v e r t i c a l l y  "by i d e n t i c a l  s p r in g  
la u n c h e r s  X  and Y . Q, has tw ic e  th e  mass o f  P . P re a c h e s  a  
maximum o f  20  m and has p o t e n t i a l  e n e rg y  200 J  a t  t h a t  h e ig h t .
W hat i s  th e  maximum h e ig h t  re a c h e d  b y  Q and th e  p o t e n t ia l  e n e rg y  
o f  Q a t  t h a t  h e ig h t?
m ax. h t .  re a c h e d  b y  Q p o t e n t ia l  e n e rg y  o f  Q
A 10 m 400 J
B 20 m 200 J
C 40 m 100 J
D 10 m 200 J  !
E 20 m 100 J  j
1 1 .  A b o g ie  o f  mass 30 k g  i s  pushed u s in g  a  c o n s ta n t  f o r c e  o f  50 N a g a in s t  
a  c o n s ta n t  f r i c t i o n a l  fo r c e  o f  10 N .
A f t e r  m ovin g  a  d is ta n c e  o f  5 m th e  k i n e t i c  e n e rg y  o f  th e  b o g ie  i s :
A 5 X 10 j
B 5 X 4 0 J
C 5 X 50 j
D 5 X 30 x  10  J
E 5 X 40
Oi—IH
4 .
1 2 .  A t r o l l e y  o f  mass m i s  a c te d  on b y  a  c o n s ta n t  u n b a la n c e d  fo r c e  F  
w h ic h  changes th e  v e l o c i t y  o f  th e  t r o l l e y  fro m  u  to  v .  The 
d is ta n c e  o v e r  w h ic h  th e  f o r c e  a c ts  is
, m v  -  n ra  
4  p —
B (mv -  mu) x  F
„  mv +  m u  
C 5
i  _ r2 i  _  2■n p mv "  a mu 
F
E (im v ^  -  -gmu^j x  F
1 3 .  The k i n e t i c  e n e rg y  o f  a  2 k g  mass i s  16 J .  W hat i s  i t s  momentum?
A 2 k g  m s “^
B 4  k g  m s “ ^
C 8 k g  m s - l
D 16 k g  m s “
E 80 k g  m s “
1 4 .  F iv e  b o d ie s ,  i n i t i a l l y  a t  r e s t ,  a r e  a c te d  upon b y  f i v e  d i f f e r e n t
u n b a la n c e d  fo r c e s  th ro u g h  th e  d is ta n c e s  shown i n  th e  f o l lo w in g  d ia g ra m s ,
W hich  bo dy g a in s  th e  m ost k i n e t i c  en e rg y ?
( A )  3 IL
/ 9 m








/ / / / /
5m
5.
1 5 *  A b o x  o f  mass 5 k g  i s  p u l le d  up  a  s lo p e .
b o x  \5]
N e g le c t in g  f r i c t i o n ,  th e  p o t e n t i a l  e n e rg y  g a in e d  i s :
A 2 .5  J  
B 15 J  
C 25 J  
D 15 0  J
E 17 5  J
1 6 ,  A s to n e  o f  mass 0 ,2  k g  i s  th ro w n  upw ard fro m  a  p o in t  30  m above  
th e  E a r t h ’ s s u r fa c e  a t  an a n g le  o f  3 0 °  t o  th e  h o r i z o n t a l .  I t  
i s  r e le a s e d  w i t h  a  sp eed  o f  20 m s “ ^ .
W hat i s  th e  t o t a l  e n e rg y  o f  th e  s to n e  a t  th e  moment o f  r e le a s e ?
A 6 J
B 10  J
C 40  J
I) 60  J
E 10 0  J
1 7 .  A s im p le  pendulum  bob sw in g s  fro m  P to  Q and b a c k  to  P .
P
How does th e  t o t a l  e n e rg y  o f  th e  bob v a r y  d u r in g  t h is  tim e ?
E n e rg y
t im e
E n e rg y
tim e
E n e rg y
tim e
E n e rg y
tim etim e
6.
18 , Two bodies each o f mass m have speeds v as shown.
W hat i s  th e  t o t a l  momentum and t o t a l  k i n e t i c  e n e rg y  o f  th e  two b o d ie s ?
. . .
momentum k i n e t i c  e n e rg y
A 2 mv mv
3 _ 2mv 2 mv
C 0 mv2
D 2u n r 0
E 0 0
1 9 ,  A man d ro p s  a  b a l l ,  mass 0 , 1  k g  fro m  a  w indow w h ic h  i s  25 m above th e  
g ro u n d . M e asu rem en ts  showed t h a t  th e  b a l l  was t r a v e l l i n g  a t  20  m s “ ^ 
j u s t  b e fo r e  i t  s t r u c k  th e  g ro u n d . How much e n e rg y  is  t r a n s f e r r e d  as 
h e a t  b e fo r e  th e  im p a c t?
A none a t  a l l  
B 1 J  
C 2 J  
D 5 J  
E 10  J
GO ON TO NEXT PAGE
7 .
2 0 .  A pendulum  bob o f  mass 1 k g  i s  r e le a s e d  a t  X . I t s  sp eed  a t  Y  i s  v .
pend u lum  bob
I f  th e  mass o f  th e  bob i s  in c r e a s e d  t o  2 k g  and i t  i s  a g a in  
r e le a s e d  a t  X  w h a t i s  i t s  sp e e d  a t  Y?
A t v
C r  
D J T v  
E 2 v
GO ON TO HEX3? PAGE
8.
2 1 .  A "block o f  mass 1 k g  s l i d i n g  on a  f r i c t i o n l e s s  r a i l  passes p o in t  A 
a t  8  m s"*1  an d  j u s t  re a c h e s  p o in t  B . A n o th e r  b lo c k  o f  mass 2 k g  
passes  p o in t  A an d  a ls o  j u s t  re a c h e s  p o in t  B .
MASS
A
The sp eed  o f  th e  2 k g  mass as i t  passes A is
A o - 1  2 m s
B - 14 m s
C Q - 18 m s
D 16 m s “
E 52 m s “ ‘
2 2 .  I f  th e  momentum o f  a  b a l l  o f  mass 0 .5  k g  i s  5 * 0  k g  m s \  i t s  
k i n e t i c  e n e rg y  i s
A 2 .5 J
B 5 .0 J
C 6.25 J
D 1 2 .5 J
E 25 J
GO ON TO NEXT PAGE
9.
2 3  • A b a l l - b e a r i n g  i s  r e le a s e d  fro m  r e s t  a t  A and r o l l s  a lo n g  a  c u r t a in
r a i l  b e n t  i n t o  th e  shape shown b e lo w .
W here i s  th e  sp eed  o f  th e  b a l l - b e a r i n g  g r e a te s t ?
A A t  P 
B A t Q 
C A t  R 
D A t  S 
E A t  T
2 4 .  A b a l l  o f  mass 2 .0  k g  r o l l s  fro m  r e s t  down th e  ram p shown and ’ ta k e s  
o f f ’ h o r i z o n t a l l y  a t  th e  f o o t  o f  th e  ram p .
2.0
A ssum ing t h a t  th e r e  i s  n e g l ig ib le  f r i c t i o n ,  th e  h o r i z o n t a l  v e lo c i t y  
o f  th e  b a l l  as i t  ' t a k e s  o f f  i s
A \  m s " 1 
B 3»6 m s - 1
C 6 .0  m s " 1 
D 36 .O  m s*"^
E im p o s s ib le  t o  d e te rm in e  u n le s s  th e  le n g t h  o f  
th e  ram p is  g iv e n
10.
2 5 .  A b a l l  o f  mass 0 .5  k g  f a l l s  fro m  a  h e ig h t  o f  4  m on to  a  h o r i z o n t a l  
f l o o r  an d  reb o u n d s  t o  a h e ig h t  o f  3 m. W hat i s  th e  change in  
k i n e t i c  e n e rg y  when th e  b a l l  reb o u n d s?
A 0 .5  J




2 6 . In  an i n e l a s t i c  c o l l i s i o n ,  w h ic h  p h y s ic a l  q u a n t i t ie s  a r e  co n se rv ed ?
t o t a l  e n e rg y k i n e t i c  e n e rg y momentum
A - u /
B S
G s / - —
D \ S —
E - -
2 7 .  In  an  e l a s t i c  c o l l i s i o n  be tw een  tw o b o d ie s , w h at changes o c c u r in  
t h e i r  t o t a l  k i n e t i c  e n e rg y  and t o t a l  momentum?
T o t a l  
k i n e t i c  e n e rg y
-------
T o t a l
momentum
A d e c re a s e s d e c re a s e s
B d e c re a s e s no change
C no change no change
D no change d e c re a s e s
E d e c re a s e s in c re a s e s
2 8 .  A 2 k g  t r o l l e y  m ovin g  a t  2 m s " ^  c o l l id e s  w i t h  a 2 k g  s t a t io n a r y
t r o l l e y .  Th ey  s t i c k  t o g e t h e r  and move o f f  w i t h  a  v e l o c i t y  o f  1 m s .






GO ON TO NEXT PAGE
11.
29 .  'The tw o pucks A an d  B a r e  s l i d i n g  w it h o u t  f r i c t i o n a l  lo s s e s  in  th e  
same s t r a i g h t  l i n e  w i t h  th e  speeds shown.
-« - 11 m s
A f t e r  a  p e r f e c t l y  e l a s t i c  c o l l i s i o n  th e  speeds o f  th e  pucks a re
P uck A Puck B
A 1 m s " 1  t o  th e  l e f t 2 m s” 1 to  th e  r i g h t
B z e r o z e ro
C 2 m s*”1 to  th e  l e f t 1 m s"^  to  th e  r i g h t
D z e r o 1 m s ' 1 to  th e  r i g h t
E 1 m s ’ 1  to  th e  l e f t z e ro
3 0 .  A b o a t  i s  t r a v e l l i n g  a t  10  m s ” ^ a g a in s t  a  r e s i s t i v e  fo r c e  o f  10 0  IT. 
The pow er d e v e lo p e d  h y  th e  e n g in e  is





3 1 .  A h o is t in g  d e v ic e  has a  pow er o u tp u t  o f  240 W. I t  r a is e s  a  lo a d  o f  
4  k g  a t  a  s te a d y  v e r t i c a l  speed o f
A 1 /6  m s**
B
1—11maVO
C 16  m s " 1
D 60 m s ’ 1
E 16 0  m s " 1
12.
3 2 .  A y o u th  o f  w e ig h t  50 0  N c a r r i e s  a  15 k g  bo x  up  a  s t a i r  6m h ig h ,  
r e a c h in g  th e  to p  i n  8  s .
The pow er w h ic h  he d e v e lo p s  i s  g iv e n  b y
A 5 ± 5 - \ 10 - £ - .<?.  w
o
B 5 P ° - S  -6 ■ w
o
0 *5° *  6 V
o
D 6 5 0  x  6  u
8
E £>Q  x  1Q. *  6 w 
8
3 3 .  In  th e  d ia g ra m  b e lo w , b lo c k s  X  an d  Y  a r e  o f  e q u a l mass and th e  
h o r i z o n t a l  s u r fa c e  can be c o n s id e r e d  to  be f r i c t i o n l e s s .  I n i t i a l l y ,  
Y i s  a t  r e s t  . ju s t  ab ove  th e  l e v e l  o f  X , w h ic h  is  in d ic a t e d  b y  th e  
d o t te d  l i n e .  When X , m o vin g  a t  a  u n ifo rm  v e l o c i t y ,  passes u n d e r Y ,  
b lo c k  Y  d ro p s  on t o  and s t ic k s  to  b lo c k  X .
Y
How does th e  f i n a l  momentum a n d  k i n e t i c  e n e rg y  o f  th e  com bined b lo c k s  
com pare w i t h  th e  o r i g i n a l  momentum an d  k i n e t i c  e n e rg y  o f  b lo c k  XV
I
Momentum K in e t ic  E n e rg y
A same d o u b le d
B h a lv e d d o u b le d
C same same
D same h a lv e d
E h a lv e d same
GO ON TO NEXT PAGE
13.
3 4 .  A bo dy  s t a r t s  fro m  r e s t  an d  moves w i t h  u n ifo rm  a c c e le r a t io n ,  













3 5 .  F o u r  o f  th e  s k e tc h  g ra p h s  shown b e lo w  a p p ly  to  th e  m o tio n  o f  
m o vin g  b o d y . W hich  g ra p h  does n o tv
v e l o c i t yfo r c e
tim etim e
k i n e t i c
e n e rg y
momentum
0 tim etim e
©
a c c e le r a t io n
The
th e  same
0
14.
3 6 .  The s k e tc h  shows a  t r o l l e y  o f  mass 1 k g  on a f r ic t io n -c o m p e n s a te d  
s lo p e .  The t r o l l e y  i s  a c c e le r a t e d  fro m  r e s t  b y  a  0 .5  k g  mass 
f a l l i n g  th ro u g h  0 . 6  nu
1  k g
0 . 6  m
The f i n a l  k i n e t i c  e n e rg y  o f  th e  t r o l l e y  is
0 .2  J




3 7 . The g ra p h  shows how th e  p o t e n t i a l  e n e rg y  b e tw een  tw o m o le c u le s  
v a r ie s  w i t h  t h e i r  s e p a r a t io n .
P o t e n t i a l
e n e rg y
0
S e p a r a t io n  o f  m o le c u le s
A t  w h ic h  p o in t  on th e  g ra p h  a r e  th e  i n t e r a c t i o n  fo r c e s  betw een  th e  
m o le c u le s  z e r o  ?
15.
3 8 .  Two m oving  b o d ie s ,  P and Q, h a ve  th e  same momentum b u t  th e  k i n e t i c  
e n e rg y  o f  P i s  tw ic e  th e  k i n e t i c  e n e rg y  o f  Q, The mass o f  P i s
A one q u a r t e r  th e  mass o f  Q
B one h a l f  th e  mass o f  Q
C th e  same as th e  mass o f  Q,
D tw ic e  th e  mass o f  Q 
E f o u r  t im e s  th e  mass o f  Q
39* Two trolleys P and Q of equal mass collide without loss of kinetic energy. 












¥hich of the following velocity-time graphs could represent the 
motion of trolley Q during the same interval of time?
v e l o c i t yv e l o c i t yv e l o c i t y
t im e  ( s ) t im e ( s )
2 -
v e l o c i t y  
, w (m s- 1 ;
v e l o c i t y
(m s " -^
t im e ( s )t im e  ( s )
A t r o l l e y  i s  p u l le d  a lo n g  a  f r ic t io n -c o m p e n s a te d  runw ay b y  a c o n s ta n t  
u n b a la n c e d  f o r c e .  The sp eed  o f  th e  t r o l l e y  i s  m easu red  as i t  passes  
e a c h  o f  t h r e e  p o in ts  P , Q an d  R , w h ic h  a r e  e q u a l ly  sp aced  a lo n g  th e  
ru n w a y .
" E s r
c o n s ta n t
•u n b a la n c e d
f o r c e
f r ic t io n -c o m p e n s a te d  p la n e
'/That m ig h t be th e  sp eed  o f  th e  t r o l l e y  a t  P , Q and R ?
Speed a t  P Speed a t  Q Speed a t  R
A n i  “ 10 . 1  m s 0 .1  m s ’ 1 0 .1  m s ’ 1
B 0 . 1  m s ’ 1 0 .2  m s ” 1 n  ^ - 10 .3  m s
C 0 .1  m s ” 1 n *  - 10 .3  m s 0 .9  m s""1
D n *1 " I  0 . 1  m s n  ^ - 10 . 4  m s 0 .9  m s 1
E n i  " I0 . 1  m s - 10 .5  m s 0 .7  m s” 1
APPENDIX G
UNIVERSITY OF GLASGOW 
SCIENCE EDUCATION RESEARCH GROUP
"WHAT IS THE QUANTITY. X ?"
TRIAL VERSION
A r / t  2 -
INSTRUCTIONS FOR PART 1.
1. We a re  try in g  to  fin d  out how quickly  you can id e n tify  a p a r t ic u la r  
p h y sica l q u a n tity  X (eg mass, v e lo c ity , tem perature, re s is ta n c e , e tc . )  
from a s e r ie s  o f re la te d  s ta tem en ts , a l l  o f which apply to the q u a n tity  X.
We are  a lao  in te re s te d  in  how confiden t you are about your answers,
2. On the nex t page you w il l  f in d  the f i r s t  statem ent about the q u an tity  X. 
When you have read th is  s ta tem en t, we want you to  w rite  down the NAME of
a p h y sica l q u a n tity  the statem ent ap p lie s  to . I f  you th ink  the statem ent 
can r e f e r  to  more than one q u a n tity , you should w rite  down the names of 
ALL these  q u a n t i t ie s .
A fte r w ritin g  down your answer, put a t ic k  in  one of the five boxes to 
in d ic a te  how confiden t you are about your answer. (For the f i r s t  cue or 
two sta tem en ts , you may be GUESSING what the q u a n t i t y  X i s ,  but as you 
read  more sta tem ents about the q u an tity  X, you w il l  sooner o r l a t e r  reach
a stage  when you KNOW what the q u an tity  X i s ) .
3. On each of the follow ing pages, another statem ent about the q u an tity  X
is  added. We want you to  w rite  down what you th ink  q u an tity  X could be, 
and to  in d ic a te  how confiden t you are about your answer, a t  each successive 
s ta g e , even when you fe e l sure you know what the q u an tity  X i s .
4. Be sure  your answers are w ritte n  down BEFORE you read the statem ents on
a la t a r  page. Do NOT go back to  change or add to  an answer on a previous 
page.
5. Before you s t a r t ,  p lease  complete the follow ing
NAME S C c Q - T T  &A/Z-SO UR. ' MALE HTj / FEMALE j j AGE [/£ 
SCHOOL/COLLEGE -M '£ 7 f f iS W Q £ 7  H j - )  ) (r\~\ ____________________________
STAGE OF STUDY: 0 -G ra d e  □ H -G ra d e  0  KND □  B .S c  □
WHAT IS THE QUANTITY X?
1. "The quantity X is proportional to the mass of a body"
W rite down what you th in k  the  q u a n tity  X i s .  \ ] £L0c .n y   ^ Y \0 f i g y i \ J t M
How confiden t a re  you th a t  you have c o rre c tly  id e n tif ie d  the  q u an tity  X? 
(Put a t ic k  in  th e  ap p ro p ria te  box ).
I  have no re a l  id e a , so I  have ju s t  made a guess
1 cannot be su re , bu t X suspect i t  might b e . . . .
I  th in k  i t  i s . . . . . . .  but I  would l ik e  more inform ation
I  am su re  i t  must be ...............
I  know i t  i s ...........and I  can prove i t
WHAT IS THE QUANTITY X?
1. "The q u a n tity  X is  p ro p o rtio n a l to  the mass of a body".
2. ' The q u a n tity  X i s  possessed by moving bod ies” .
W rite down what you th in k  the q u an tity  5
How confiden t are  you th a t you have c o rre c tly  id e n tif ie d  the q u an tity  X? 
(Put a t ic k  in  the ap p ro p ria te  box).
I have no re a l  id ea , so I  have ju s t  made a guess
I cannot be su re , but I  suspect i t  might b e . ...........
I th in k  i t  i s . ...........but I  would l ik e  more inform ation
I am sure i t  must b e . . . . . . . .
I know i t  i s ............ . .a n d  I can prove i t
WHAT IS THE QUANTITY X?
1 . "T h e  q u a n t i t y  X i s  p r o p o r t io n a l  t o  th e  mass o f  a  b o d y " .
2 .  "The  q u a n t i t y  X i s  p o sse sse d  b y  m o vin g  b o d ie s '* .
3 .  "T h e  q u a n t i t y  X i s  c o n s e rv e d  i n  e l a s t i c  c o l l i s i o n s  b e tw ee n  b o d ie
W r i t e  down w h a t yo u  t h in k  th e  q u a n t i t y  X i s .  f l o r l & M T U /
How c o n f id e n t  a r e  you t h a t  yo u  h a v e  c o r r e c t l y  i d e n t i f i e d  th e  qua i t y  X? 
( P u t  a t i c k  in  th e  a p p r o p r ia t e  b o x ) ,
I h a ve  no r e a l  id e a ,  so I  h a v e  j u s t  made a guess
I c a n n o t be s u r e ,  b u t  I  s u s p e c t i t  m ig h t b e ................
1 t h in k  i t  i s ................ b u t I  w o u ld  l i k e  m ore in fo r m a t io n
I am s u re  i t  m ust b e . ... ...............
I
___
know i t  i s . . . . . . . .a n d  T can  p ro v e  i t
NOW GO ON TO THE NEXT AGE
MBAY IS THE QUANTITY X I
1', "T h e  q u a n t i t y  X i s  p r o p o r t io n a l  to  th e  maae o f  s b o d y ” ,
2 ,  ’’Th e  q u a n t i t y  X xs p o s s e s s e d  b y  m ovin g  b o d ie s ” ,
3 ,  "T h e  q u a n t i t y  X i e  c o n s e rv e d  i n  e l a s t i c  c o l l i s i o n s  b e tw e e n  b o d ie s " .
4 ,  "T h e  q u a n t i t y  X ca n  b e  r e s o lv e d  i n t o  co m p on ents” .
How c o n f id e n t  a r e  yo u  t h a t  yo u  h a v e  c o r r e c t l y  i d e n t i f i e d  th e  q u a n t i t y  X? 
(P u t  a t i c k  i n  th e  a p p r o p r ia t e  b o x ) .
I  h a v e  no r e a l  id e a ,  so I  ha ve  j u s t  mads a guess
I  c a n n o t be s u r e ,  b u t I  s u s p e c t i t  m ig h t be
W r i t e  down w h a t you t h in k  th e  q u a n t i t y  X is Os-rdsVTHS-r
I  t h in k  i t  i b u t I. w o u ld  l i k e  m ore in fo r m a t io n \ /
I  am s u re  i t  m u3t be
I  know i t  i s  and I  can  p ro ^ e  i t







IS THE QUANTITY X?
"T h e  q u a n t i t y  X i s  p r o p o r t io n a l  to  th e  mass o f  a b o d y” .
"The  q u a n t i t y  X i s  p o s s e s s e d  by m o vin g  b o d ie s " .
"T h e  q u a n t i t y  X i 3  c o n s e rv e d  in  e l a s t i c  c o l l i s i o n s  b e tw ee n  b o d ie s " ,
"T h e  q u a n t i t y  X ca n  be r e s o lv e d  i n t o  c o m p o n e n ts " .
"T h e  q u a n t i t y  X in c r e a s e s  when a f o r c e  i 3 a p p l ie d  to  a b o d y ,a s  
i n d ic a t e d  b e lo w : -
Q u a n t i t y  X.
T im e Tim e
W r i t e  down w h at yo u  t h in k  th e  q u a n t i t y  X i s .
How c o n f id e n t  a r e  yo u  t h a t  you  h a v e  c o r r e c t l y  i d e n t i f i e d  th e  q u a n t i t y  X? 
(P u t  a t i c k  i n  th e  a p p r o p r ia t e  b o x ) .
I h a v e  no r e a l  id e a ,  so I  h a v e  iu s t  made a guess
I c a n n o t be s u r e ,  b u t  I s u s p e c t i t  m ig h t b e ..............
I t h in k  i t  i s , b u t I  w o u ld  l i k e  m ore in fo r m a t io n
I am s u re  i t  m ust b e . . .
I know i t  i s ..............and I can p ro v e  i t
HOW (10 ON TO THE NEXT PAGE
WHAT IS THE QUANTITY X ?
1 . "T h e  q u a n t i t y  X i s  p r o p o r t io n a l  t o  th e  mass o f  a  b o d y " .
2 .  "T h e  q u a n t i t y  X i s  p o s s e s s e d  b y  m o v in g  b o d ie s " ,
3 .  "T h e  q u a n t i t y  X i s  c o n s e rv e d  i n  e l a s t i c  c o l l i s i o n s  b e tw e e n  b o d ie s " .
4 .  " T h e  q u a n t i t y  X can  be r e s o lv e d  i n t o  co m p o n e n ts " .
5 .  "T h e  q u a n t i t y  X in c r e a s e s  when a fo r c e  i s  a p p l ie d  t o  a b o d y ,
as in d ic a t e d  b e lo w : -
Q u a n t i ty  X
Tim e Tim e0
6 .  "T h e  ch ang e p ro d u c e d  in  th e  q u a n t i t y  X is  a m easu re  o f  th e  im p u ls e  
o f  th e  a p p l ie d  fo r c e ."
W r i t e  down w h a t you  t h in k  th e  q u a n t i t y  X i s .
pi0r1£/\7MH
How c o n f id e n t  a r e  yo u  t h a t  yo u  h a v e  c o r r e c t l y  i d e n t i f i e d  th e  q u a n t i t y  X? 
(P u t  a t i c k  i n  th e  a p p r o p r ia t e  b o x ) .
I h a v e  no r e a l  id e a , so I  h a ve  j u s t  made a gues3
I c a n n o t be s u r e ,  b u t I  s u s p e c t i t  m ig h t b e ................
I t h in k  i t  i s , b u t I  w ould  l i k e  m ore in fo r m a t io n
1 am s u re  i t  m ust b e .
I know i t  i s . . . . .  and I  can p ro v e  i t
NOW GO ON TO THE NEXT PAGE
WHAT TS THE QUANTITY X?
1 . “The q u a n t i t y  X i s  p r o p o r t io n a l  t o  th e  mass o£ a b o d y” .
2 -  “The q u a n t i t y  X 13 p o s s e s s e d  b y  m o vin g  b o d ie s ” .
3 .  "T h e  q u a n t i t y  X i s  c o n s e rv e d  in  e l a s t i c  c o l l i s i o n s  b e tw e e n  b o d ie s ” ,
4 .  "The  q u a n t i t y  X can be r e s o lv e d  in t o  co m p on ents” .
5 .  ” The q u a n t i t y  X in c r e a s e s  when a fo r c e  is  a p p l ie d  t o  a b o d y ja s  
i n d ic a t e d  b e lo w : -
F o rc e
t-
Q u a n t i ty  X
Tim e0
■ i....... .... I, y
0 Tim e
6 .  "T h e  change p ro d u c e d  i n  th e  q u a n t i t y  X is  a m easu re  o f  th e  im p u ls e
o f  th e  a p p l ie d  fo r c e ."
7 . "T h e  q u a n t i t y  X i s  a v e c t o r  q u a n t i t y " .
WOMs m ' I u M
W r i t e  down w h a t yo u  t h in k  th e  q u a n t i t y  X i s .
How c o n f id e n t  a r e  yo u  t h a t  70U have c o r r e c t l y  i d e n t i f i e d  th e  q u a n t i t y  X? 
(P u t  a t i c k  i n  th e  a p p r o p r ia t e  b o x ) .
T h a v e  no r e a l  id e a ,  so I  h a v e  j u s t  made a guess
I c a n n o t be s u r e ,  b u t  I  s u s p e c t i t  m ig h t b e ..............
I t h in k  i t  i s . . . . . , ,  b u t I  w o u ld  l i k e  m ore in f o r m a t io n
I am s u re  i t  m ust b e ................
I know i t  i s ..............and I  can  p ro v e  i t
NOW GO ON TO THE NEXT PAGE
WHAT IS THE QUANTITY X?
1 . "The  q u a n t i t y  X i s  p r o p o r t io n a l  to  th e  mass o f  a b o d y ” .
2 .  "T h e  q u a n t i t y  X i s  p o s s e s s e d  by m o vin g  b o d ie s ” .
3 .  "T h e  q u a n t i t y  X i s  c o n s e rv e d  in  e l a s t i c  c o l l i s i o n s  b e tw e e n  b o d ie s " .
4 .  "T h e  q u a n t i t y  X can  be r e s o lv e d  in t o  co m p o n e n ts " .
5 .  "The  q u a n t i t y  X in c r e a s e s  when a fo r c e  i s  a p p l ie d  to  a bo dy»as
in d ic a t e d  b e lo w : -
Q u a n t i ty  X'
'X-Line
6 .  " T h e  ch ang e p ro d u c e d  i n  th e  q u a n t i t y  X i s  a m easu re  o f  th e
im p u ls e  o f  th e  a p p l ie d  f o r c e . '1
7 .  "The  q u a n t i t y  X i s  a  v e c t o r  q u a n t i t y " ,
”1 n8 .  "T h e  q u a n t i t y  X ia  m easu red  in  kgms
W r i t e  dovu w h at y o u  t h in k  th e  q u a n t i t y  X i s .
nortEtnuN
How c o n f id e n t  a re  you c h a t you h a v e  c o r r e c t l y  i d e n t i f i e d  th e  q u a n t i t y  X? 
(P u t  a t i c k  in  th e  a p p r o p r ia t e  b o x ) .
I h a ve  no r e a l  id e a ,  so I  h a ve  j u s t  made a guess
I c a n n o t be s u r e ,  b u t I  s u s p e c t i t  m ig h t b e .............
I t h in k  i t  i s ........... . ,  b u t I  w o u ld  l i k e  m ore in fo r m a t io n
I am s u re  i t  m ust b e . . . . . . .











IS THE QUANTITY X?
"The quantity X 1 3 proportional to the mass of a body".
"T h e  q u a n t i t y  X i s  p o s s e s s e d  by m oving  b o d ie s " .
"T h e  q u a n t i t y  X 13 c o n s e rv e d  in  e l a s t i c  c o l l i s i o n s  b e tw ee n  b o d ie s " .
"T h e  q u a n t i t y  X ca n  be r e s o lv e d  i n t o  c o m p o n e n ts " .
"The  q u a n t i t y  X in c r e a s e s  when a f o r c e  i s  a p p l ie d  to  a b o d y ,a s  
in d ic a t e d  b e lo w : -
T im e G Tim e
"T h e  change p ro d u c e d  in  th e  q u a n t i t y  X i s  a  m easu re  o f  th e  im p u ls e  
o f  th e  a p p l ie d  f o r c e . 1’
"T h e  q u a n t i t y  X i s  a v e c t o r  q u a n t i t y " .
"T h e  q u a n t i t y  X i s  m easu red  in  kgms x .
a
"T h e  q u a n t i t y  X i s  d e f in e d  by th e  e q u a t io n  p = m v.
t
W r i t e  down vzhat you t h in k  th e  q u a n t i t y  X i s .
Y \ 0 f t E N 7 W ) !
How c o n f id e n t  a r e  you t h a t  you have  c o r r e c t l y  i d e n t i f i e d  th e  q u a n t i t y  X? 
( P u t  a  t i c k  i n  th e  a p p r o p r ia t e  b o x ) .
I  h a v e  no r e a l  id e a ,  so I  have j u s t  made a guess
I  c a n n o t be c u r e ,  b u t  I  s u s p e c t i t  m ig h t b e . . . . . .
I  t h in k  i t  i s . ........... .. b u t 1 w o u ld  l i k e  m ore in fo r m a t io n
I  am s u re  i t  m ust b e . . . . . .
I  know i t  i s . . . . . . a n d  I  can p ro v e  i t
NOW GO ON TO THE NEXT PAGE
is a series of statements about a DIFFERENT quantity X.
The quantity X 13 related to the mass of a body.
The quantity X is involved in both elastic and inelastic 
collisions.
The quantity X can be resolved into components.
The quantity X can cause a body to undergo a change of 
velocity.
□
The change in velocity corresponding to a change in the 
quantity X is indicated below:-
VelocityQuantity X
The quantity X i3 measured by the rate of change of 
momentum.
The quantity X is a vector quantity.
The. quantity X is measured in N.
The quantity X is defined by the equation F * ma.
Write down what you think this quantity X is.
Put a tick in the appropriate box to indicate the
statement by which you identified this quantity X.
INSTRUCTIONS FOR PART 2.
1. We are interested here in how much you can tell us about five 
related quantities in mechanics - MOMENTUM, KINETIC ENERGY, 
GRAVITATIONAL POTENTIAL ENERGY, FORCE and IMPULSE.
2. We have provided you with a CHART to help you. Take out this 
chart and look at it. You will see that there are 25 numbered 
boxes on the chart. Each box contains ONE piece of information
■ - a statement, a formula, a diagram - about one or more of the 
five quantities mentioned above.
3. Take each of the five quantities in turn, starting with MOMENTUM. 
Using the chart, write down, in the spaces provided overleaf, the 
NUMBERS of all the boxes on the chart which you think contain some 
information about momentum. Then do the same for each of the 
remaining quantities.
Thus, if you were considering the quantity 'FORCE*', you might 
decide that box 6 on the chart contains some information about 
'force* and you would therefore write the figure *6' in one of 
the spaces under the heading FORCE (See overleaf)
There are 12 spaces provided for each of the five quantities.
You do NOT have to put numbers in ALL 12 SPACES. Put in only 
aa many as you think are appropriate.
You can enter some numbers under more than one heading.
You need not use every number on the chart.
4. Once you have entered all the numbers for a particular quantity,
look carefully on the chart at the boxes to which these numbers 
refer. Select the THREE numbers which, in your opinion, identify 
the MOST IMPORTANT features of the particular quantity being 
considered. Enter these three numbers, in ORDER OF IMPORTANCE, 










For each physical quantity, fill in the NUMBERS of all the boxes on the 
chart which refer to that quantity.
MOMENTUM
n h a itfM iii
KINETIC ENERGY
HTfTrR'1 nrTvTHpal
m o im r W
GRAVITATIONAL POTENTIAL K 'F^G T
p o T i  ?'
FORCE 1 2  3
L H M 7  i m l W E i i l j J r T T ^
IMPUL3E
9 H z i i i i l J j L L ' i s i S  "T _ □
(o \ $ W )
1 2 3
Z 2 . 13 11
Now c o m p le te  th e  f o l l o w i n g ; -
"As f a r  as you w ere  c o n c e rn e d , d id  th e  c h a r t  p ro v id e d  in c lu d e  ALL th e  im p o r ta n t  
f e a t u r e s  o f  EACH o f  th e  p h y s ic a l  q u a n t i t i e s ? ’* p —r r j p —
ws L iL j  «<> i___•mmmmummmf U w m h n *
I f  you  an sw ered  NO, p le a s e  in d ic a t e  w h at im p o r ta n t  f s a t u r a ( s )  w ere  o m it te d  
fro m  th e  c h a r t ; -
APPENDIX H
Here is a series of statements about a DIFFERENT quantity X.
(1) The quantity X is proportional to the mass of a body. □
(2) The quantity X is possessed by moving bodies.
(3) The quantity X is conserved in elastic collisions 
between bodies. □
(4) The quantity X can be resolved into components.
(5)
(6)
The quantity X increases when a force is applied to 
a body,as indicated below:-
F o rc e Quantity X
Time Time
The change produced in the quantity X is a measure of 
the impulse of the applied force.
(7) The quantity X is a vector quantity.
(8) The quantity X is measured in kgms
(9) The quantity X is defined by the equation p w mv
□
□□□□
Write down what you think this quantity X is.
Put a tick in the appropriate box to indicate the












"The quantity X is proportional to the mass of a body11.
"The quantity X is possessed by moving bodies".
"The quantity X is conserved in elastic collisions between bodies".
"The quantity X increases when a force is applied to a body,
as indicated below:-
F o rc e Quantity X
C S e e ^ f o o t n o t e  on page
0 Distance 0 Time
"The change produced in the quantity X is a measure of the work 
done by the applied force.*
"When a body is released from a height above the ground, the 
quantity X increases as the body falls i*
"The quantity X is a scalar quantity". 
"The quantity X is measured in J".
2 n
’The quantity X is defined by the equation » ?mv .
Write down what you think the quantity X is.
How confident are you that you have correctly identified the quantity X? 
(Put a tick in the appropriate box).
I have no real idea, so 1 have just made a guess
I cannot be sure, but I suspect it might be......
I think it is.....  but I would like more information
I am sure it must be........
I know it is...... and I can prove it
NOW GO ON TO THE NEXT PA.GS







The quantity X is proportional to the mass of a body. 
The quantity X is possessed by moving bodies.
The quantity X increases when a force is applied to a 
body, as indicated below:-
□□
□
F o rc e  li X
See fo o tn o te
Time0D is ta n c e
The change produced in the quantity X is a measure of 
the work done against gravity.
The quantity X depends on the position of the body. 
When a body is released from a height above the ground,
the quantity X
(7) The quantity X
00 The quantity X
(9) The quantity X
f t t  on page 183
□□
□□□□
Write down what you think the quantity X is.
Put a tick in the appropriate box to indicate the











IS THE QUANTITY X?
"The quantity X is proportional to the mass of a body".
The quantity X is possessed by moving bodies".
The quantity X can be resolved into components".
"The horizontal component of the quantity X is always 2ero".
The quantity X can cause a body to undergo a change of velocity",
"The graph of the quantity X against time looks like this:- 
Quantity X i ^
u ---------------- ------ ----
0 Time
'The quantity X is a vector quantity".
'The quantity X is measured in N".
'The quantity X is defined by the equation W » mg.* 
Write down what you think quantity X is.
How confident are you that you have correctly identified the quantity X? 
(Put a tick in the appropriate box).
I have no real idea> so I have just made a guess
I cannot be sure, but I suspect it might be......
I think it is...... . but I would like more information
I am sure it must be........











is a series of statements about a DIFFERENT quantity X.
The quantity X is related to the mass of a body.
The quantity X is involved in both elastic and inelastic 
collisions.
The quantity X can be resolved into components.
The quantity X can cause a body to undergo a change of 
velocity.
The change in velocity corresponding to a change in the 
quantity X is indicated below:-
Quantity X Velocity
Time
The quantity X is measured by the rate of change of 
momentum.
The quantity X is a vector quantity.
The quantity X is measured in N.
The quantity X is defined by the equation F * ma.
Write down what you think this quantity X is.
Put a tick in the appropriate box to indicate the
















IS THE QUANTITY X?
"The quantity X is related to the mass of a body".
"The quantity X is involved in both elastic and inelastic collisions".
The quantity X can be resolved into components".
"The quantity X can cause a body to undergo' a change of velocity".








'The quantity X is measured by the change in momentum it produces".
'The quantity X is a vector quantity".
, . ii
The quantity X is measured in Ns.
'The quantity X is defined by the equation F.At«,£mvu
Write down what you think quantity X is.
How confident are you that you have correctly identified the quantity X? 
(Put a tick in the appropriate box).
I have no real idea, so I have just made a guess
I cannot be sure, but I suspect it might be.......
I think it is........  but I would like more information
I am sure it must be.........
I know it is...... and I can prove it
NOW GO ON TO THE NEXT PAGE
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When c o m p le te d , p le a s e  r e t u r n  t o : -
M r . P e t e r  M a c G u ire , 
Room 9 0 ,
C h e m is try  D e p a r tm e n t , 
U n iv e r s i t y  o f  G lasgo w . 
G12 8QQ.
BACKGROUND INFORMATION
As you a lr e a d y  know , I  h a ve  been engaged in  p a r t - t im e  e d u c a t io n a l  re s e a rc h  
o v e r  th e  p a s t  fe w  y e a r s .  I n  p a r t i c u l a r  I  have been in v e s t ig a t in g  how s e co n d ary  
s c h o o l p u p i l s ,  s tu d y in g  p h y s ic s  t o  O -G rad e  and H -G rad e  l e v e l ,  d e v e lo p  and use  
c o n c e p ts  such as 'momentum' o r  'e n e r g y ' .  The m ost r e c e n t  s ta g e  o f  t h i s  re s e a rc h  
h as  c e n tr e d  on t r y i n g  t o  d e v is e  a p e n c i l - a n d -p a p e r  t e s t  w h ic h  w o u ld  g iv e  a 
m easu re o f  a p u p i l ’ s u n d e rs ta n d in g  o f  such c o n c e p ts  in  tw o s e p a r a te ,  b u t n o t  
u n r e la t e d , d im e n s io n s .
W hat one m ig h t c a l l  th e  b r e a d th  o f  th e  p u p i l ' s  u n d e rs ta n d in g  was ju d g e d  by a s k in g  
them  t o  i d e n t i f y  a p a r t i c u l a r  c o n c e p t fro m  a num ber o f  s ta te m e n ts  p re s e n te d  one 
a t  a t im e .  E ach s t a te m e n t ,  on i t s  own, c o u ld  be a p p l ie d  to  m ore th a n  one co n c e p t 
and w h at we w e re  t e s t in g  h e re  was th e  num ber o f  v a l i d  c o n c lu s io n s  th e  p u p i l  c o u ld  
make a t  each  s ta g e  and i f  he c o u ld  r e l a t e  th e  d i f f e r e n t  s ta te m e n ts  to  each  o th e r  
i n  a l o g i c a l  w ay . A v a lu a b le  in s ig h t  in t o  th e  p u p i l s '  way o f  th in k in g  was g a in e d  
by a s k in g  them  t o  e s t im a te  a t  each  s ta g e  how c o n f id e n t  th e y  w ere  ab o u t t h e i r  answ ers
Th e  l a t t e r  p a r t  o f  th e  t e s t  in v e s t ig a t e d  th e  d e p th  o f  th e  p u p i l ' s  u n d e rs ta n d in g  
o f  e a ch  o f  th e  c o n c e p ts  in v o lv e d  in  th e  f i r s t  p a r t  o f  th e  t e s t .  T h is  was done  
by a s k in g  th e  p u p i ls  to  s e l e c t ,  fro m  in fo r m a t io n  p ro v id e d  on a c h a r t ,  a l l  th e  
r e le v a n t  in f o r m a t io n  f o r  ea ch  p a r t i c u l a r  c o n c e p t. T h is  a ls o  r e v e a le d  some f a i r l y  
common m is c o n c e p tio n s  o r  p a r t - t r u t h s  ( e . g .  'momentum is  o n ly  co n se rv ed  in  e l a s t i c  
c o l l i s i o n s ' ) .
A t r i a l  v e r s io n  o f  th e  t e s t  was a d m in is te re d  l a s t  te rm  to  a r e p r e s e n t a t iv e  sam ple  
o f  p u p i ls  and s tu d e n ts  (som e 3 7 0  in  a l l )  a n d , w h i le  th e  d e t a i l e d  a n a ly s is  o f  th e  
r e s u l t s  i s  9t i l l  in c o m p le te ,  c e r t a in  im p o r ta n t  c o n c lu s io n s  can a lr e a d y  be d raw n .
( a )  Th e  t e s t  was e a s y  to  a d m in is t e r ,  to o k  some 
3 0 -4 0  m in u te s  t o  c o m p le te , and th e  p u p i ls  
e n jo y e d  d o in g  i t .  T h is  was c l e a r l y  e n c o u ra g in g .
(b )  The c h a r t  used  in  th e  second p a r t  o f  th e  t e s t  
c o u ld  be im p ro ve d  in  some w ays . F o r  e x a m p le ,  
much o f  th e  f a c t u a l  r e c a l l  in fo r m a t io n ,  w h ich
o v e r  90% o f  th e  t e s t  p o p u la t io n  c o r r e c t ly  i d e n t i f i e d ,  
c o u ld  be rem o ved . Some o f  th e  in fo r m a t io n  c o u ld  be
re w o rd e d  t o  make i t  m ore s p e c i f i c  to  a p a r t i c u l a r  
c o n c e p t. M ore use c o u ld  be made o f  d ia g ra m m a tic ,  
g r a p h ic a l  and s y m b o lic  m ethods o f  c o n v e y in g  th e  
in fo r m a t io n .
<c) The s m a ll  g ro u p  o f  te a c h e rs  who co m p le te d
th e  t e s t  b o o k le t  p ro v e d  to  be w h o lly  unanim ous  
I n  t h e i r  a n s w e rs . T h is  p ro v id e d  a u s e fu l  
c r i t e r i a n  a g a in s t  w h ic h  th e  p u p i l s '  p e rfo rm a n c e  
c o u ld  b e  ju d g e d .
I n  th e  l i g h t  o f  th e s e  c o n c lu s io n s ,  th e  t r i a l  v e r s io n  o f  th e  t e s t  has been  
revam ped t o  make i t  m ore o f  a d ia g n o s t ic  t e s t .  I t  i s  hoped t h a t ,  in  t h is  
fo rm , i t  c o u ld  b e  o f  v a lu e  t o  te a c h e rs  in  th e  c la s s ro o m .
A r e v is e d  d r a f t  o f  th e  c o n c e p t c h a r t  i s  a t ta c h e d . To v a l id a t e  t h i s  an d ,
I  h o p e , t o  p r o v id e  an 'o p tim u m ' c h o ic e  o f  r e le v a n t  "b o x ex" f o r  each  co n ce p t 
I  am a s k in g  a num ber o f  e x p e r ie n c e d  te a c h e rs  c f  p h y s ic s  t o  c o m p le te  th e  b la n k  
p ro fo rm a  a t ta c h e d .
To e n s u re  t h a t  th e  f i n a l  v e r s io n  o f  th e  t e s t  i s  b o th  v a l i d  and r e l i a b l e ,  i t  i s  
n e c e s s a ry  t h a t  as many te a c h e r s  as p o s s ib le  ta k e  p a r t  in  th e  v a l id a t io n  s ta g e .  
I  hope you w i l l  a g re e  to  p a r t i c i p a t e .
In  a s k in g  you t o  ta k e  p a r t  i n  t h i s  e x e r c is e ,  I  am c o n s c io u s  o f  th e  t im e  you  
w i l l  b e  d e v o t in g  t o  i t .  I t  s h o u ld  n o t ta k e  more th a n  1 5 -2 0  m in u te s .
Any comm ents you may w is h  to  make w o u ld  be a p p r e c ia te d .
T h an k  you f o r  y o u r  h e lp .
INSTRUCTIONS
1 .  T h e re  a r e  25  num bered boxes on th e  C h a r t  A . E ach box c o n ta in s  some 
in fo r m a t io n  a b o u t one o r  m ore o f  th e  f o l lo w in g  q u a n t i t ie s  
MOMENTUM, K IN E T IC , ENERGY, GRAVITATIONAL POTENTIAL ENERGY, FORCE and 
IMPULSE.
2 .  C o n s id e r  ea ch  o f  th e s e  f i v e  q u a n t i t i e s  in  t u r n ,  s t a r t i n g  w it h  MOMENTUM. 
U s in g  th e  c h a r t ,  w r i t e  down, in  th e  sp aces p ro v id e d  on RESPONSE SHEET 1 ,  
th e  NUMBERS o f  ALL th e  boxes on th e  c h a r t  w h ic h  you t h in k  c o n ta in  some 
in fo r m a t io n  ab o u t momentum. Then do  th e  same f o r  each  o f  th e  re m a in in g  
q u a n t i t i e s .
3 .  W here th e  c h a r t  uses th e  sym bol ' X ' ,  you can re a d  t h is  as any o f  th e  f i v e  
q u a n t i t i e s .  The o t h e r  sym bols ( ’ o ' ,  ’ v 1 , 'F *  e t c )  have th e  u s u a l m ean in g s .
4 .  T h e re  a r e  12 sp aces  p r o v id e d  f o r  each o f  th e  f i v e  q u a n t i t i e s .  You do 
NOT h a v e  to  p u t num bers in  ALL 12 SPACES. P u t i a  o n ly  as many as you  
t h in k  a r e  a p p r o p r ia t e .
You can  e n t e r  some num bers u n d e r m ore th a n  one h e a d in g .
l i n k  a  'b e f o r e '  t o  an ' a f t e r '  s i t u a t i o n .












F o r  e a ch  p h y s ic a l  q u a n t i t y ,  f i l l  i n  th e  NUMBERS o f  ALL th e  boxes on th e  
c h a r t  w h ic h  you t h in k  r e f e r  t o  t h a t  q u a n t i t y .
MOMENTUM






RESPONSE SHEET 2 j
Im a g in e , f o r  th e  m om ent, t h a t  you a r e  te a c h in g  p h y s ic s  t o  H -G rad e  p u p i ls .
( a )  W hat im p o r ta n t  f e a t u r e s  ab o u t each  o f  th e  f o l lo w in g  p h y s ic a l  q u a n t i t i e s  
w o u ld  you e m p h a s is e .in  y o u r  te a c h in g ?
(b )  W hich o f  th e s e  fe a t u r e s  w o u ld  you e x p e c t most p u p i ls  to  f in d  d i f f i c u l t ?  
MOMENTUM
( a )__ ____________________ ________________________________________________________________
(b )_______________________________________________________________________________________
K IN E T IC  ENERGY
( a ) ______________________________________________________________________________ _
<b)__ ____________ ________________________________________________ ________
GRAVITATIONAL POTENTIAL ENERGY
<a) ______________________________________________________________________________
( b  ) ___________________________________________________________________________________
FORCE
(.a)  ;_____________
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INTRODUCTION
Can you s o lv e  t h is  problem ?
"A c h a i r - I i f t  can  c a r r y  60  p e o p le  a t  a t im e  up a s lo p e
30 0  m lo n g . The s lo p e  makes an a n g le  o f  3 0 °  w i t h  th e
h o r i z o n t a l .
The a v e ra g e  mass o f  a p e rs o n  is  70 kg and th e  a v e ra g e
speed o f  th e  c h a ir s  up th e  s lo p e  is  4 m s  W hat is
th e  m inim um  pow er o u tp u t  o f  th e  m o to r r e q u ir e d  to  o p e r a te  
th e  c h a i r - l i f t ?
(1 9 7 4  H -G rad e  P h y s ic s , P ap e r 2 , Q 3 ( a ) ) .
To s o lv e  such a p ro b le m , i t  is  a good id e a  to  s t a r t  by th in k in g  ab o u t th e
q u a n t i t i e s  in v o lv e d  in  th e  p ro b le m , and how th e s e  q u a n t i t ie s  a re  r e la t e d  to  
each  o t h e r .
F o r e x a m p le , in  th e  above p ro b le m , 'p o w e r ' in v o lv e s  'e n e r g y ' and ' t i m e ' .
The 'e n e r g y ' i n  t h i s  case  is  a 'g a in  in  p o t e n t ia l  e n e rg y ' w h ic h , in  tu r n ,
in v o lv e s  'w e ig h t '  and ' v e r t i c a l  h e i g h t ' .  The ' t im e '  in v o lv e s  'd is t a n c e '  
and ' speed ' .
I f  we now e x p re s s  th e  r e la t io n s h ip s  be tw een  th e s e  q u a n t i t ie s  in  a m a th e m a tic a l  
fo rm , we can p u t in  th e  numbers g iv e n  in  th e  q u e s t io n  and w o rk o u t an an sw er.
The e s s e n t ia l  f e a t u r e s  o f  s u c c e s s fu l p r o b le m -s o lv in g  a re
( 1 ) d e c id in g  w h at q u a n t i t ie s  a re  in v o lv e d  in  th e  p ro b le m , and
( 1 1 )  c h o o s in g  th e  c o r r e c t  r e l a t i o n s h i p ( s )  be tw een  th e s e  q u a n t i t i e s .
In  t h is  b o o k le t ,  we w i l l  c o n c e n tr a te  on th e s e  e s s e n t ia l  f e a t u r e s .  You w i l l  
NOT be asked  to  w o rk  o u t a n u m e r ic a l answ er to  a p ro b le m , b u t we assume you  
c o u ld  do t h i s  i f  r e q u ir e d .
A l l  th e  p ro b lem s in  t h is  b o o k le t  a re  ta k e n  fro m  p a s t H -G rad e  P h y s ic s  p a p e rs .
To ke ep  th in g s  s im p le ,  we h a ve  chosen o n ly  'm e c h a n ic s ' p ro b le m s . These w i l l  
in v o lv e  such q u a n t i t i e s  as 1 f o r c e ' , 1 a c c e l e r a t i o n ' , ' v e l o c i t y ' ,  'm om entum ', 
' im p u l s e ' ,  ' k i n e t i c  e n e r g y ' and 'g r a v i t a t i o n a l  p o t e n t i a l  e n e r g y '.
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INSTRUCTIONS FOR PART A
1 . We a r e  in t e r e s t e d  h e re  in  how much you can t e l l  us ab o u t F IV E  r e la t e d  
q u a n t i t i e s  in  m ech an ic s  -  MOMENTUM, K IN E T IC  ENERGY, GRAVITATIONAL 
POTENTIAL ENERGY, FORCE and IMPULSE.
2 . You w i l l  need  CHART A f o r  t h is  p a r t .  Take o u t t h is  c h a r t  and lo o k  
a t  i t .
You w i l l  see t h a t  th e r e  a r e  25 numbered boxes on th e  c h a r t .
Each box r e f e r s  to  a 'q u a n t i t y  X ' .  T h is  'q u a n t i t y  X ' c o u ld  be one 
o r  m ore o f  th e  f i v e  q u a n t i t i e s  l i s t e d  ab o ve . You have  to  i d e n t i f y  
w h at th e  'q u a n t i t y  X ' c o u ld  be in  each c a s e .
3 .  W here th e  c h a r t  uses  th e  sym bol ' X ' ,  you can re a d  t h is  as one o f  th e  
f i v e  g iv e n  q u a n t i t i e s .  The o th e r  sym bols used on th e  c h a r t  ( ' m ' ,  ' v ' , 
' F \  'A t '  e t c )  have  th e  u s u a l m ean in g s .
A b ro a d  a r ro w  ( | ) i s  used to  l i n k  a 'b e f o r e '  s i t u a t i o n  to  an
' a f t e r '  s i t u a t i o n .
4 .  Take  each  o f  th e  f i v e  g iv e n  q u a n t i t ie s  in  t u r n ,  s t a r t in g  w it h  MOMENTUM. 
W r i t e  down, in  th e  spaces p ro v id e d  o v e r le a f ,  th e  NUMBERS o f  ALL th e  boxes  
on th e  c h a r t  i n  w h ic h  th e  q u a n t i t y  X i s ,  o r  c o u ld  b e , momentum.
Then do th e  same f o r  each  o f  th e  r e m a in in g  q u a n t i t i e s .
5 .  T h e re  a r e  12 spaces p ro v id e d  f o r  each  o f  th e  f i v e  q u a n t i t i e s .
You do n o t h a ve  to  p u t numbers in  ALL 12 SPACES.
















F o r  each  p h y s ic a l  q u a n t i t y ,  f i l l  i n  th e  NUMBERS o f  ALL th e  boxes on 
CHART A in  w h ic h  'X '  i s ,  o r  c o u ld  b e , t h a t  q u a n t i t y ,
MOMENTUM





INSTRUCTIONS FOR PART B
1 . In  t h is  p a r t ,  we a r e  t r y in g  to  f in d  o u t how q u ic k ly  you can  
p o s i t i v e l y  i d e n t i f y  a p a r t i c u l a r  'q u a n t i t y  X ' fro m  a s e r ie s  
o f  s t a te m e n ts ,  a l l  o f  w h ic h  can a p p ly  to  th e  'q u a n t i t y  X ' .
We a r e  a ls o  in t e r e s t e d  in  how c o n f id e n t  you a re  ab o u t y o u r  
an sw er a t  each s t e p .
2 .  On th e  n e x t  p a g e , you  w i l l  f in d  th e  f i r s t  s ta te m e n t ab o u t th e  
'q u a n t i t y  X ' .  When you h a ve  re a d  th e  s ta te m e n t ,  we w an t you  
to  w r i t e  down th e  NAME o f  a p h y s ic a l  q u a n t i t y  to  w h ich  th e  
s ta te m e n t  c o u ld  a p p ly .  In  o th e r  w o rd s , i f  you p u t th e  name
o f  y o u r  ch osen  q u a n t i t y  in  p la c e  o f  'q u a n t i t y  X ' ,  th e  s ta te m e n t  
w o u ld  be t r u e .
I f  you can  t h in k  o f  m ore th a n  one p h y s ic a l  q u a n t i t y  w h ich  c o u ld  
r e p la c e  'q u a n t i t y  X ' i n  th e  s ta te m e n t ,  th e n  w r i t e  down th e  names 
o f  ALL th e  p o s s ib le  q u a n t i t i e s .
3 .  A f t e r  w r i t i n g  down y o u r  a n s w e r, p u t a t i c k  in  one o f  th e  f i v e  boxes  
to  in d ic a t e  how c o n f id e n t  you a r e  a b o u t y o u r  an s w e r.
4 .  D ep en d in g  on w h ic h  box you t i c k ,  you  w i l l  f i n d  in s t r u c t io n s  a t  th e  
b o tto m  o f  th e  page to  t e l l  you  w h ic h  page to  t u r n  t o .
FOLLOW THESE INSTRUCTIONS CAREFULLY.
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WHAT IS  THE QUANTITY X ?
H e re  i s  th e  F IR S T  s ta te m e n t a b o u t th e  q u a n t i t y  X .
1 . "The q u a n t i t y  X i s  p r o p o r t io n a l  to  th e  mass o f  a b o d y ". 
W r it e  down w h at you t h in k  th e  q u a n t i t y  X is
How c o n f id e n t  a r e  you t h a t  you h a ve  c o r r e c t l y  i d e n t i f i e d  th e  
q u a n t i t y  X?
(P u t  a t i c k  in  th e  a p p r o p r ia te  b o x )
I  h a ve  no id e a ,  so I  have  ju s t  made a guess 1
I  c a n n o t be  s u r e ,  b u t I  s u s p e c t i t  may b e ....................... 2
I  t h in k  i t  i s ............. b u t  I  w o u ld  l i k e  m ore in fo r m a t io n 3
I  am s u re  i t  m ust b e ........... 4
I  know i t  i s ...................and I  can p ro v e  i t 5
I f  you t ic k e d  box 1 , TURN TO PAGE 6
I f  you t ic k e d  box 2 o r  3 , TURN TO PAGE 8
If you ticked box 4 or 5, TURN TO PAGE 7
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IF  YOU HAVE ARRIVED HERE BY NOT FOLLOWING THE INSTRUCTIONS 
ON THE PREVIOUS PAGE, THEN GO BACK NOW AND READ THESE 
INSTRUCTIONS! !
You h a ve  t ic k e d  bo x  1 on page 5 . W hat d id  you mean by th is ?
1 . D id  you mean you had REALLY NO IDEA w h at th e  q u a n t i t y  X c o u ld  be?
I f  t h is  is  th e  c a s e , th e n  you a r e  n o t th in k in g  v e r y  h a r d .
F o r  ex am p le  ' momentum' is  p r o p o r t io n a l  to  th e  mass o f  a bo dy .
So is  ' k i n e t i c  e n e r g y ' o r  ' w e ig h t 1 o r  ' g r a v i t a t i o n a l  p o t e n t i a l  
e n e r g y ' o r  ' d e n s i ty  o r  ................
2 .  D id  jou mean you had to  GUESS becau se  th e r e  w ere  so many p o s s ib le  
answ ers?
I f  t h i s  i s  th e  c a s e , th e n  we w o uld  a g re e  w it h  y o u .
N e v e r t h e le s s ,  i t  m ig h t h a ve  been  m ore a p p r o p r ia te  to  t i c k  a n o th e r  
b o x , b e cau se  you h a ve  s e v e r a l  id e a s  w h at th e  q u a n t i t y  X c o u ld  b e . 
You r e a l l y  need  m ore in fo r m a t io n .
We w i l l  assum e, in  e i t h e r  c a s e , t h a t  you can now move on to  th e  n e x t  
s ta te m e n t  a b o u t th e  q u a n t i t y  X .
TURN' TO PAGE 8
PAGE 7
By t i c k i n g  box 4 o r  5 on page 5 ,  you have in d ic a te d  t h a t  you a re  
SURE you h a ve  P O S IT IV E LY  ID E N T IF IE D  th e  q u a n t i t y  X .
Have you c o n s id e re d  ALL th e  p o s s i b i l i t i e s ?
F o r  exam p le  1 momentum1 is  a p o s s ib le  an s w e r.
B u t so i s  ' w e ig h t ' ,  ' k i n e t i c  e n e r g y 1 , ' g r a v i t a t i o n a l  p o t e n t i a l  e n e r g y ' , 
o r  ' d e n s i t y !
D ep en d in g  on y o u r  kn o w led g e  o f  p h y s ic s , you m ig h t a ls o  have  p u t down 
' moment o f  i n e r t i a 1 o r  ' a n g u la r  momentum1 o r  ' c e n t r i p e t a l  f o r c e ' o r  
' r o t a t i o n a l  k i n e t i c  e n e r g y ' .
The ' h e a t  e n e r g y ' ab s o rb e d  o r  e v o lv e d  f o r  th e  same change in  te m p e ra tu re  
o f  d i f f e r e n t  m asses o f  th e  same m a t e r ia l  is  p r o p o r t io n a l  to  th e  m ass.
So a ls o  i s  th e  ' h e a t  e n e r g y ' ab so rb e d  o r  e v o lv e d  d u r in g  a change o f  s t a t e .
Q u a n t i t ie s  such as ' f o r c e ' and ' im pu1s e ' a re  d e p en d e n t on th e  mass b u t a re  
n o t p r o p o r t io n a l  to  th e  m ass. I t  w o u ld  be m ore c o r r e c t  to  say 
' th e  e f f e c t  o f  a fo r c e  depends on th e  mass o f  th e  b o d y ' . Thus th e  
' a c c e l e r a t i o n ' is  in v e r s e ly  p r o p o r t io n a l  to  th e  m ass, i f  th e  ' f o r c e ' 
is  c o n s ta n t .
I f  you now r e a l i s e  t h a t  you have  n o t c o n s id e re d  ALL th e  p o s s i b i l i t i e s ,  
you w i l l  a p p r e c ia te  t h a t  you h a ve  n o t y e t  i d e n t i f i e d  th e  q u a n t i t y  X.
Even i f  you h a ve  c o n s id e re d  a l l  th e s e  p o s s i b i l i t i e s  can  you be SURE you  
ha ve  i d e n t i f i e d  th e  q u a n t i t y  X? Do you n o t need more in fo r m a t io n ?
TURN TO PAGE 8
PAGE 8 1
WHAT IS  THE QUANTITY X ?
H e re  is  th e  SECOND s ta te m e n t a b o u t th e  q u a n t i t y  X .
2 .  " T a k in g  th e  d im e n s io n s  o f  m ass, le n g th  and t im e  to  be M, L and T
•  2 - 2
r e s p e c t i v e ly ,  th e  d im e n s io n s  o f  th e  q u a n t i t y  X a r e  ML T " .
W r i t e  down w h at you t h in k  th e  q u a n t i t y  X i s .
How c o n f id e n t  a r e  you t h a t  you have c o r r e c t l y  i d e n t i f i e d  th e  q u a n t i t y  X? 
(P u t  a t i c k  in  th e  a p p r o p r ia te  b o x ) .
I  c a n n o t be s u r e ,  b u t I  s u s p e c t i t  m ig h t b e ........... 1
I  t h in k  i t  i s ............. b u t I  w o u ld  l i k e  m ore in fo r m a t io n 2
I  am s q re  i t  m ust b e .......................... 3
I  know i t  i s ............. and I  can p ro v e  i t 4
I f  you  h a ve  t ic k e d  box 1 o r  2 ,  TURN TO PAGE 9 
I f  you h a ve  t ic k e d  box 3 o r  4 ,  TURN TO PAGE 10
PAGE 9
WHAT IS  THE QUANTITY X ?
H e re  i s  th e  THIRD s ta te m e n t ab o u t th e  q u a n t i t y  X .
3 . "The q u a n t i t y  X is  in v o lv e d  in  a n s w e rin g  th e  f o l lo w in g  q u e s t io n " .
A t r o l l e y  o f  mass 1 .0  kg  is  r e le a s e d  fro m  r e s t  as shown from  th e  to p  o f  a 
s lo p e .  When i t  re a c h e s  th e  b o tto m  o f  th e  s lo p e  i t  i s  t r a v e l l i n g  a t  3 .0  m s"
The w o rk  done a g a in s t  f r i c t i o n  w h i le  m oving fro m  X to  Y m ust have been
A 1 .0  J
B 4 .5  J
C 5 .5 . J
D 9 . 0  J
E 1 0 .0  J
(1 9 7 5  H -G ra d e  P h y s ic s , P ap e r 1 ,  Q 1 3 )
W r i t e  down w h at you t h in k  th e  q u a n t i t y  X i s .
How c o n f id e n t  a r e  you t h a t  you have c o r r e c t l y  i d e n t i f i e d  q u a n t i t y  X ? 
(P u t  a t i c k  in  th e  a p p r o p r ia te  b o x )
I c a n n o t be s u r e ,  b u t I  s u s p e c t i t  m ig h t b e .......... 1
I t h in k  i t  i s ...........b u t I  w ould  l i k e  m ore in fo r m a t io n 2
I am s u re  i t  m ust b e ........... 3
I know i t  i s ...........and I  can p ro v e  i t 4 j
I f  you h a ve  t ic k e d  box 1 o r 2 ,  TURN TO PAGE 10 
I f  you have  t ic k e d  box 3 o r  4 ,  TURN TO PAGE 12
PAGE 10
WHAT IS  THE QUANTITY X ?
A t t h i s  s ta g e  you w i l l  h a ve  a f a i r l y  good id e a  w hat th e  q u a n t i t y  X 
c o u ld  b e .
You c a n  h a v e  ONE m ore p ie c e  o f  in fo r m a t io n  ab ou t th e  q u a n t i t y  X and you  
can  d e c id e  w h at t h is  w i l l  b e .
H e re  a r e  f i v e  p o s s ib le  q u e s t io n s  ab o u t th e  q u a n t i t y  X.
The a n s w e r to  ea ch  q u e s t io n  is  YES o r  NO.
( 1 )  Can th e  q u a n t i t y  X be re s o lv e d  in t o  components?
( 2 )  I s  th e  q u a n t i t y  X co n se rv ed  in  e l a s t i c  c o l l is io n s ?
( 3 )  I s  th e  q u a n t i t y  X co n se rv ed  in  i n e l a s t i c  c o l l is io n s ?
( 4 )  I s  th e  q u a n t i t y  X m easured in  J?
( 5 )  I s  th e  q u a n t i t y  X possessed by f a l l i n g  b o d ies?
You can a s k  o n ly  ONE q u e s t io n  ab o u t q u a n t i t y  X .
E ITHER  I n d i c a t e ,  by p u t t in g  a t i c k  in  th e  a p p r o p r ia te  b o x , w hich
o f  th e  above q u e s t io n s  you w ould ask
OR W r i t e  a q u e s t io n  o f  y o u r own in  th e  space p ro v id e d  b e lo w .









NOW TURN TO PAGE 11
PAGE 11
H e re  a r e  th e  an sw ers  to  th e  f i v e  q u e s t io n s  a b o u t th e  q u a n t i t y  X .
Q1 NO Q2 YES Q3 NO Q4 YES Q5 YES
I f  you asked  some o t h e r  q u e s t io n  ab o u t th e  q u a n t i t y  X , you sh o u ld  be a b le  
to  w o rk  o u t th e  answ er to  y o u r  q u e s t io n  fro m  th e  answ ers g iv e n  ab o ve .
You s h o u ld  now KNOW w h at th e  q u a n t i t y  X i s .
COMPLETE THE FOLLOWING SUMMARY
1 . The q u a n t i t y  X is
2 . The m a th e m a tic a l e x p re s s io n  w h ich  DEFINES th e  q u a n t i t y  X is
3 .  The U N ITS  o f  th e  q u a n t i t y  X a r e
4 .  TWO o t h e r  im p o r ta n t  f a c t s  ab o u t th e  q u a n t i t y  X a r e
NOW TURN TO PAGE 13
fPAGE 13
INSTRUCTIONS FOR PART C
1. Up till now, we have considered only ONE quantity at a time. Many 
problems however, involve more than one quantity. In this part of 
the booklet, we want you to consider ALL the quantities which could 
be involved in each problem.
2. On the next three pages, you will find FOUR typical H-Grade Physics 
questions. You should also have a CHART C. Take out this chart and 
look at it. You will note that it has 12 numbered boxes. Each box 
contains a general statement of a RELATIONSHIP between QUANTITIES.
(e.g. 'impulse = change in momentum').
3. Read the first problem on page 14.
Three steps are involved in solving this problem.
(1) Impulse = average force x time
(11) Impulse = change in momentum
(111) Change in = change in momentum 
speed mass
The NUMBERS of the boxes on chart C which CORRESPOND MOST CLOSELY to 
these three steps are 10, 4 and 2. These NUMBERS are entered, IN ORDER, 
into the spaces provided at the end of problem 1.
4. Problem 1 could also be solved using 'acceleration'
(1) Average acceleration = average force
mass
(11) Change in speed = acceleration x time
Using chart C, the NUMBERS of the corresponding boxes would be, IN ORDER,
6 and 7.
These numbers are entered, IN ORDER, in the SECOND set of spaces 
provided at the end of problem 1.
5. Problem 1 has been done for you AS AN EXAMPLE.
You now do problems 2, 3 and 4.
In each case, write the NUMBERS of the boxes on chart C which contain
the relationships you would use, IN THE ORDER YOU WOULD USE THEM.
PAGE 13
INSTRUCTIONS FOR PART C~
1. Up till now, we have considered only ONE quantity at a time. Many 
problems however, involve more than one quantity. In this part of 
the booklet, we want you to consider ALL the quantities which could 
be involved in each problem.
2. On the next three pages, you will find FOUR typical H-Grade Physics
questions. You should also have a CHART C. Take out this chart and 
look at it. You will note that it has 12 numbered boxes. Each box 
contains a general statement of a RELATIONSHIP between QUANTITIES.
(e.g. 'impulse = change in momentum').
3. Read the first problem on page 14.
Three steps are involved in solving this problem.
(1) Impulse = average force x time
(11) Impulse = change in momentum
(111) Change in = change in momentum 
speed mass
The NUMBERS of the boxes on chart C which CORRESPOND MOST CLOSELY to 
these three steps are 10, 4 and 2. These NUMBERS are entered, IN ORDER,
into the spaces provided at the end of problem 1.
4. Problem 1 could also be solved using 'acceleration'
(1) Average acceleration = average force
mass
(11) Change in speed = acceleration x time
Using chart C, the NUMBERS of the corresponding boxes would be, IN ORDER,
6 and 7.
These numbers are entered, IN ORDER, in the SECOND set of spaces 
provided at the end of problem 1.
5. Problem 1 has been done for you AS AN EXAMPLE.
You now do problems 2, 3 and 4.
In each case, write the NUMBERS of the boxes on chart C which contain
the relationships you would use, IN THE ORDER YOU WOULD USE THEM.
PAGE 14
(1976 H-Grade Physics, Paper 2, Q2(a))
A golfer hits a golf ball of mass 5.0 x 10 kg into the air. 
The club is in contact with the ball for 5.0 x lo'^s.
Calculate the resulting speed of the ball if the average force
o
during contact is 3.0 x 10 N"
golf ballclub
d irec tion /o f resultant force during impact
SOLUTION TO PROBLEM 1 10 or
PROBLEM 1
PROBLEM 2 (1978 H-Grade Physics, Paper 2, Q3(b))
"In an experiment, a block of mass 1.00 kg is released from 
rest from a point A 2.00 m up a slope as shown in the diagram. 
The block slides down to the point B at the bottom of the slope 
where its speed is measured.
When h=1.00 m, the speed of the block at B = 3.85 ms
2-00 m
C a l c u l a t e  t h e  a v e r a g e  f r i c t i o n a l  f o r c e  on  t h e  b lo c k  d u r in g  t h e  
e x p e r im e n t .
SOLUTION TO PROBLEM 2
PAGE 15
PROBLEM 3 (1980 H-Grade Physics, Paper 2, Q2)
An "explosive" dynamics trolley of mass 1 kg is placed in a 
shallow tray of mass 10 kg which rests on a fixed, level, 
frictionless surface.
VIEW  FROM ABOVE
explosive
dynamics






s p rin g  '
fix e d , level, frictionless surface
When the compressed spring is released, the plunger hits the 
wall of the shallow tray causing the trolley to move to the
fight at a speed of 0.50 m s relative to the fixed surface.
The tray moves to the left. When the trolley strikes the 
opposite wall of the tray, which is covered with plasticine, 
the whole system comes to rest again.
( a )  C a l c u l a t e  th e  v e l o c i t y  w i t h  w h ic h  t h e  t r a y  m oves t o  th e  
l e f t .
( b )  C a l c u la t e  t h e  d is t a n c e  w h ic h  t h e  t r a y  m oves b e f o r e  co m in g  
t o  r e s t .
(c) The time for which the plunger is in contact with the wall 
of the tray is 0.02 s. Calculate the average force exerted
by the plunger on the wall of the tray.
SOLUTION TO PROBLEM 3 (a) ( b )
( c )
PAGE 16
(1977 H-Grade Physics, Paper 2, Q3(a))
A vehicle is travelling along a horizontal linear air track. 
A card on the vehicle passes through a light beam before the 
vehicle is stopped by a stretched elastic band. While the 
vehicle is being stopped, the centre of the elastic moves 










in in itia l 
position
card
~lyeh\c\ej ~  y'Ughf. beam
ight source
linear air track
Results obtained from one run of the vehicle are:
Mass of vehicle and card = 1.1 kg
Length of card = 0.10 m
Time through light beam = 0.25 s
Stopping distance OP = 0.050 m
Calculate
(i) the average force exerted by the elastic band on
the vehicle while it is being stopped;
(ii) the time taken by the elastic band to stop the vehicle,
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In Appendix L, the  c o n f i d e n c e  r a t i n g  t o t a l s  do not  a lways  e x a c t l y  t a l l y -----
from one t a b l e  to  th e  n e x t .  T his  s l i g h t  anomaly r e s u l t s  from:
( i )  some p u p i l s  f a i l i n g  to  f u l l y  co m p le t e  t h i s  p a r t ;
( i i )  a few p u p i l s  ‘f a i l i n g  to  f o l l o w  i n s t r u c t i o n s .
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